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Abstract
Ferroelectric materials find application in numerous electronic devices and are continuously enabling the development of
new technologies. Their versatility is intimately related to the unique property to switch the polarization with electric
fields. However, the switching mechanisms in polycrystalline ferroelectric materials remain insufficiently understood.
Several questions regarding the mechanisms of the polarization reversal process in polycrystalline ceramic materials
have been addressed in this work. The dynamics of the process was measured by a self-constructed high voltage switch,
which provides high voltage pulses to the sample and measures its macroscopic polarization and strain response over
several decades. Moreover, this macroscopic technique was supplemented by in situ synchrotron diffraction experiments
using a high speed detector at the European Synchrotron Radiation Facility. This unique combination of macroscopic and
microscopic time-resolved experimental data allowed to reveal the sequence of events during polarization switching in
polycrystalline ferroelectric materials. The process is illustrated by a sequence of well-defined 180° and non-180° domain
switching events, which can be separated into three regimes. Field-dependent measurements allow to determine activation
fields for the individual regimes, which are a crucial input parameter for micromechanical models.
The domain structure in a poled polycrystalline ferroelectric/ferroelastic material mainly consists of non-180° domain
walls. Several of them are misaligned to the poling field direction and polarization reversal can start from these misaligned
domains. In the first switching regime, the non-180° domain walls are moving, driven by an external applied electric field
and supported by internal mechanical fields. Auxiliary mechanical forces and the fact that nuclei are already available
result in a low activation field and consequently a fast movement of the domain walls. The transition between the first and
the second regime is governed by the interplay between electric and mechanical fields, which can be displayed by Landau
energy landscapes. The polarization reversal in the second regime occurs by 180° or synchronized non-180° domain wall
movement. Hereby, more than 60% of the total polarization was found to be switched in a model Pb(Zr,Ti)O3 material.
With the experimental methods available today, it is not possible to distinguish between pure 180° or synchronized
non-180° domain wall movement. However, a more than three times lower Peierls barrier for non-180° compared to
180° domain wall movement and crystallographic arguments suggest that switching in the main switching phase occurs
essentially by synchronized non-180° events. In any case, the mechanical stress in this regime is acting against the moving
domain walls, which is expressed by a 35% higher activation field, as compared to the first regime. In the third regime the
majority of domains are reversed and the electric field is parallel to the polarization vector. Here, creep-like movement of
non-180° domain walls occurs.
The dynamic response of polycrystalline ceramic materials is strongly influenced by their microstructure, affecting the
polarization and strain response in the individual regimes. In this context, the velocity of domain walls is set by the local
electric field. The distribution of the latter in a polycrystalline ceramic material is inhomogeneous, since it represents a
projection of the external electric field to the direction of the spontaneous polarization of a grain. In addition, other factors
influence the dynamic response. A 47% higher activation field was found for Pb(Zr,Ti)O3 materials with a tetragonal
compared to a material with a rhombohedral crystallographic structure. This partially reflects the influence of the lattice
distortion and the resulting internal stresses at the domain junctions, which have to be overcome when the domain walls
are moving. In addition, mechanical and electrical interaction between grains play a significant role. In this context,
internal mechanical stresses may enhance or suppress domain wall movement. This is for example expressed in a broader
distribution of switching times for a polycrystalline ceramic with smaller grain sizes compared to a ceramic material
with larger grain sizes. On the other hand, a 20% reduction in the activation field for polarization reversal was found
for BaTiO3-based materials which are highly crystallographically textured compared to untextured materials. Tailoring
the microstructure accordingly may impede or facilitate the dynamic response of the polycrystalline ceramic material.
In addition, a relation between microstructural parameters and the dynamic polarization response of polycrystalline
ferroelectric ceramic materials is an important input parameter for theoretical models.
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Zusammenfassung
Ferroelektrische Materialien werden in zahlreichen elektronischen Geräten angewendet und treiben die kontinuierliche
Entwicklung neuer Technologien voran. Sie unterscheiden sich von anderen polaren Materialien dadurch, dass der Polarisa-
tionsvektor mit einem elektrischen Feld umgeschaltet werden kann. Die Mechanismen während dieses Umschaltvorgangs
in polykristallinen ferroelektrischen Materialien sind jedoch nur unzureichend verstanden.
Um die Sequenz des Umschaltprozesses zu entschlüsseln wurde die Dynamik des Umschaltprozesses mit einem selbstge-
bauten Hochspannungsschalter gemessen. Die damit erzeugten Hochspannungspulse schalten den Polarisationsvektor
um, während die makroskopische Polarisations- und Dehnungsantwort der Probe zeitaufgelöst gemessen wird. Diese
makroskopischen Messungen wurden mit zeitaufgelösten Beugungsexperimenten ergänzt. Hierzu wurde ein Detektor
mit hoher Messgeschwindigkeit der European Synchrotron Radiation Facility verwendet. Mit Hilfe der Kombination
aus zeitaufgelösten makroskopischen und mikroskopischen Daten konnte die Sequenz des Polarisationsumschaltens in
polykristallinen ferroelektrischen Materialien dargestellt werden. Der Prozess wird in drei Abschnitte unterteilt, wobei das
Umschalten in jedem Abschnitt durch die Bewegung von 180° oder nicht-180° Domänenwänden stattfindet. Mit Hilfe von
feldabhängigen Messungen können Aktivierungsfelder für das Umschalten der Polarisation in den jeweiligen Abschnitten
bestimmt werden, die eine wichtige Eingangsgröße für mikromechanische Modelle sind.
Die Domänenstruktur in gepolten polykristallinen ferroelektrischen/ferroelastischen Materialien besteht zu einem
Großteil aus nicht-180° Domänenwänden, von denen viele im remanenten Zustand nicht in die Richtung des Polungsfeldes
ausgerichtet sind. Im ersten Abschnitt beginnt der Umschaltprozess durch die Bewegung dieser Domänenwände, stimu-
liert durch das externe elektrische Feld. Diese Domänenwandbewegung wird von internen mechanischen Spannungen
unterstützt und ist durch eine hohe Geschwindigkeit und niedrige Aktivierungsfelder gekennzeichnet. Der Übergang vom
ersten zum zweiten Abschnitt geschieht durch ein komplexes Zwischenspiel zwischen elektrischen und mechanischen
Feldern, welches durch zweidimensionale Landau freie Energielandschaften beschrieben wird. Polarisationsumschalten
im zweiten Abschnitt findet durch 180° oder synchronisierte nicht-180° Domänenwandbewegung statt, wobei die heute
verfügbaren experimentellen Methoden keinen finalen Schluss zulassen, welche Domänenwandbewegung dominant ist.
Die Tatsache, dass die Peierls Gitterenergie für nicht-180° Domänenwände dreimal geringer ist als für 180° Domänenwände
und kristallographische Argumente deuten jedoch darauf hin, dass das Umschalten der Polarisation im zweiten Abschnitt
hauptsächlich durch nicht-180° Domänenwandbewegung stattfindet. Der Beitrag der im zweiten Abschnitt umgeschalteten
Polarisation zur gesamten umgeschalteten Polarisation wurde zu 60% in einem Pb(Zr,Ti)O3 Modellmaterial quantifiziert.
Hierbei wirkt die mechanische Spannung nun entgegen der Domänenwandbewegung. Dies hat ein um 35% höheres
Aktivierungsfeld für die Domänenwandbewegung verglichen mit dem ersten Abschnitt zur Folge. Im dritten Abschnitt ist
der Polarisationsvektor der Domänen parallel zum elektrischen Feld ausgerichtet. Der dritte Bereich zeichnet sich durch
eine langsame nicht-180° Domänenwandbewegung aus und die makroskopische Antwort ähnelt elektrischem Kriechen.
Die dynamische Antwort eines polykristallinen ferroelektrischen Materials ist stark von dessen Mikrostruktur abhängig.
Hierbei wird die Geschwindigkeit der Domänenwände von dem lokal wirkenden elektrischen Feld bestimmt. Dieses ist
in einer polykristallinen Keramik inhomogen verteilt, da das externe elektrische Feld auf die Richtung der spontanen
Polarisation eines einzelnen Korns projiziert wird. Neben der inhomogenen Feldverteilung wird das Schaltverhalten
durch weitere Parameter beeinflusst. Zum Beispiel wurde für ein Pb(Zr,Ti)O3 mit tetragonaler Kristallstruktur ein um
47% höheres Aktivierungsfeld verglichen mit einem Material mit einer rhombohedrischen Kristallstruktur gefunden. Dies
spiegelt den Einfluss der Gitterverzerrung und die daraus resultierenden internen Spannungen an Domänentripelpunkten
wieder, welche bei der Bewegung dieser Domänen überwunden werden müssen. Beim Umschalten von polykristallinen
ferroelektrischen Materialien spielt außerdem die Wechselwirkung zwischen den einzelnen Körnern eine wichtige Rolle
und interne mechanische Spannungen können das Umschalten verlangsamen oder beschleunigen. Zum Beispiel wird
eine breitere Verteilung von Umschaltzeiten in Keramiken mit kleinerer Korngröße gefunden, während das Umschalten
einfacher und die Verteilung der Umschaltzeiten mit steigender Korngröße schärfer wird. Auf der anderen Seite zeigen
BaTiO3 basierte Materialien mit kristallographisch texturierten Körnern ein um 20% verringertes Aktivierungsfeld für das
Umschalten der Polarisation im zweiten Abschnitt, verglichen mit Materialien, die keine Vorzugsrichtung aufweisen. Durch
gezieltes Einstellen der Mikrostruktur kann das Umschalten des Polarisationsvektors zweckmäßig beeinflusst werden. Der
Zusammenhang zwischen Mikrostrukturparametern und Polarisation ist außerdem für die Berechnung der dynamischen
Umschaltprozesse die Basis für eine Verbesserung von theoretischen Modellen.
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1 Introduction
Ferroelectrics are arguably among the most versatile functional materials exhibiting numerous useful physical phenom-
ena, such as piezoelectricity, pyroelectricity, switchable polarization, high permittivity, electrocaloric and electroopitic
effects. These properties have made them indispensable in sensors, actuators, capacitors, and transducers, which
represent enabling components for many of today’s cutting-edge technologies in medicine, consumer electronics,
robotics, communication, or space industries. [1; 2] Furthermore, ferroelectrics represent the backbone of emerg-
ing new fields, including high-performance sensors for the Internet of Things [3], nanoelectronics [4], renewable energy
collection [5; 6], environmental-friendly electrocaloric cooling-technologies [7], nanogenerators [8], and ferroelectric-
based photovoltaics [9].
From the discovery in 1921 until 1943, ferroelectricity has been an academic curiosity with little application or
interest. The hydrogen bonds, which were thought to be necessarily related to the ferroelectric properties, made
ferroelectric materials water soluble and fragile. The discovery of polycrystalline BaTiO3 with its surprising struc-
tural simplicity, during the war years, triggered pioneering theoretical works and stimulated engineering devices.
In 2017, electroceramics covered 6.0% of the total ceramic and glass industry market share by product type and
piezoceramics are predicted to become the major industry within the electroceramics market by 2021. [10] Already
today, the piezoelectric ceramics market is about $1 billion per year worldwide and it enables a $17 billion market of
sensors and actuators for the health, consumer electronics, automotive, automation, military, and aerospace industries. [11]
More than 700 ferroelectric materials are known, among which perovskite oxides are technically most relevant. [12]
Below the Curie temperature, ferroelectrics exhibit a spontaneous polarization, induced by a small displacement of
individual ions from their centrosymmetric position. Polarization switching, i.e., the reorientation of the polarization
vector by an external electric field, is the main property that distinguishes ferroelectric materials from other polar materials
and the mechanistic description of this process is crucial for their technical application.
In the 1960s, initial understanding of the polarization switching process was provided by seminal studies on ferroelectric
single crystals [13–15], which initiated the development of theoretical models [16–19]. More recently, the interest in non-
volatile memories [20; 21] has triggered intensive research into switching dynamics in ferroelectric thin films [19; 22–24].
These studies, however, cannot be directly utilized to explain the mechanism of polarization reversal of polycrystalline
bulk ceramics, which are the most widely-used group of ferroelectrics [1]. The latter are characterized by a complex 3D
electromechanical coupling among randomly-oriented grains, strongly influenced by the ferroelectric/ferroelastic nature
of the domain walls, presence of grain boundaries, and the inhomogeneous distribution of the applied electric field.
The best evidence for this complexity is the absence of a general theoretical model for the description of the polarization
dynamics of polycrystalline ferroelectric materials. Theoretical and experimental reports are inconsistent with respect
to the kind and the sequence of events occurring during polarization reversal. Moreover, the influence of individual
microstructral parameters, such as grain size or grain orientation, on the switching dynamics remains unclear. The
objective of the present work is to discuss and clarify fundamental questions related to the polarization reversal in
polycrystalline ferroelectric/ferroelastic ceramic materials. For this purpose, a model system will be investigated with
respect to its electric, electromechanical, and structural dynamic response, supplemented by free energy calculations. This
systematic and broad methodological approach gives deep insight into the mechanisms of the polarization reversal process.
Moreover, the response of materials with different microstructures will be investigated and compared. The qualitative and
quantitative description of the processes is expected to aid the development of ferroelectric applications and represents a
basis for further advancement of theoretical models. The best evidence for this complexity is the absence of a general
theoretical model for the description of the polarization dynamics of polycrystalline ferroelectric materials. Theoretical and
experimental reports are inconsistent with respect to the kind and the sequence of events occurring during polarization
reversal. Moreover, the influence of individual microstructral parameters, such as grain size or grain orientation, on the
switching dynamics remains unclear. The objective of the present work is to discuss and clarify fundamental questions
related to the polarization reversal in polycrystalline ferroelectric/ferroelastic ceramic materials. For this purpose, a model
system will be investigated with respect to its electric, electromechanical, and structural dynamic response, supplemented
by free energy calculations. This systematic and broad methodological approach gives deep insight into the mechanisms of
the polarization reversal process. Moreover, the response of materials with different microstructures will be investigated
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and compared. The qualitative and quantitative description of the processes is expected to aid the development of
ferroelectric applications and represents a basis for further advancement of theoretical models.
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2 Theoretical background
2.1 Material classifications
This section introduces the material classes of dielectrics, with a special focus on one of their subgroups, the ferroelectric
materials. In this context a theoretical description of ferroelectric materials will be introduced, which allows to discuss
stable states in terms of the free energy.
2.1.1 From dielectrics to ferroelectrics1
Dielectric materials are isolators and can be polarized with an applied voltage. The macroscopic polarization, Pi, is the sum
of all dipole moments. It originates from the application of an external electric field, Ej, and is coupled by the dielectric
susceptibility, χ ij, according to the following equation.
Pi = κ0 ·χi j · E j (2.1)
The permittivity of vacuum is termed κ0=8.854·10-12 F/m. The polarization and dielectric displacement, Di, are interrelated
as follows:
Di = κ0 · Ei + Pi (2.2)
The polarization may have electronic, ionic, dipole, and space charge contributions. Fig. 2.1 highlights how the individual
contributions originate due to an applied electric field. Electronic contribution refers to the displacement of the negatively
charged electron shell with respect to the positively charged core. The ionic contribution is caused by the electric field
driven displacement of positively charged cations against negatively charged anions. Dipolar materials, such as water, can
be additionally polarized by alignment of the molecules in the electric field direction. Space charge polarization can be
observed in dielectrics with inhomogeneously distributed charge carrier densities. Charge carriers are transported until
they stop at a potential barrier, which can be a grain or a phase boundary.
Figure 2.1.: Microscopic polarization mechanisms induced by an applied electric field [Redrawn after Ref. [25]].
Piezoelectric materials are a subgroup of dielectrics (Fig. 2.2). According to their crystallographic structure, materials
can be classified into 32 crystallographic point groups (Tab. 2.1). Out of these, 21 are non-centrosymmetric, which is a
necessary condition for piezoelectricity. Piezoelectricity can be observed in all 21 point groups, except in the point group
432. Piezoelectric materials are characterized by a linear coupling between electric and mechanical field. Application
of a mechanical stress to a piezoelectric material results in the creation of an additional polarization. For this direct
1 This section is based on the books by Waser et al. [25], Moulson and Herbert [26], and Setter and Colla [27].
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piezoelectric effect, the dielectric displacement is coupled to the stress, σjk, via the piezoelectric tensor, dijk,
1 and to the
electric field via the permittivity κσik
2:
Di = d
E
i jk ·σ jk +κσik · Ek (2.3)
Figure 2.2.: Classification of dielectrics with their subgroups of piezoelectrics, pyroelectrics, and ferroelectrics.
For the converse piezoelectric effect, the strain, Sij, is coupled to the electric field via the piezoelectric coefficient, while
the first term in Eqn. 2.4 describes the coupling of stress and strain through the elastic compliance, sEi jkl (Hooke’s law).
Si j = s
E
i jkl ·σkl + dσi jk · Ei (2.4)
Unlike in non-polar piezoelectric materials, which produce a polarization under stress, 10 out of the 21 point groups
display a spontaneous polarization, PS, below a characteristic temperature even without an external mechanical stress.
These materials are termed pyroelectric, since the spontaneous polarization changes with temperature.
Table 2.1.: Crystallographic point groups. Overview of crystallographic point groups in short Hermann-Mauguin nomen-
clature [after Ref. [1]].
centrosymmetry centrosymmetric non-centrosymmetric
polarity non-polar non-polar polar
number of point groups 11 11 10
crystal class
cubic m3¯m, m3¯ 432, 4¯4m, 23
hexagonal 6/mmm, 6/m 622, 6¯m2, 6¯ 6mm, 6
tetragonal 4/mmm, 4/m 422, 4¯2m, 4¯ 4mm, 4
rhombohedral 3¯m, 3¯ 32 3m, 3
orthorhombic mmm 222 mm2
monoclinic 2/m 2, m
triclinic 1¯ 1
Ferroelectric materials are the last subgroup (Fig. 2.2). These are pyroelectrics that are characterized by the possibility
to switch the direction of the spontaneous polarization with an applied external field. This group is described in more
detail below.
1 The piezoelectric tensor dijk is a third rank tensor, since the piezoelectric response is anisotropic. In general there are 27 tensor components,
which reduce to 18 due to the symmetry of the stress tensor σjk=σkj. The piezoelectric effect can therefore be described by a 6x3 matrix: dijk.
Crystal symmetry will further reduce the components in the piezoelectric tensor (Neumann’s principle [28]), as discussed by Newnham [29].
2 The superscripts indicate the quantity held constant. In the case of κσik the stress is held constant, which means that the piezoelectric element is
unconstrained, while in the case of sEi jkl the electric field is held constant.
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2.1.2 Ferroelectric materials1
The history of ferroelectric materials goes back until the middle of the 16th century, when Rochelle salt was first prepared
by Eli Seignette in La Rochelle, France, for medicinal purposes. At the end of the 19th century it was already known, that
dielectrics are heated up when exposed to an AC electric field, which was related to the dielectric hysteresis. [33; 34] The
birth of ferroelectricity is usually related to Joseph Valasek, who discovered ferroelectricity in Rochelle salt in 1921. [35]
In 1946 van Hippel discovered ferroelectricity in BaTiO3 (BT) [36], the prototype ferroelectric material. The following
definition of ferroelectricity was suggested by Jaffe [37] in 1956:
"The ability of certain crystals of electrically polar structure to switch the direction of polarity under the influence of a strong
electric field2 between several crystallographically equivalent directions and to retain their new orientation after removal of the
field."
Ferroelectric materials need to possess at least two energetically equivalent directions of spontaneous polarization. An
electric field can be applied to switch between these two directions. Many ferroelectric materials are also ferroelastic3,
which means that mechanical fields can be used to switch the spontaneous polarization.
In most practical cases, the polar structure of a ferroelectric material is a cubically distorted ABO3 perovskite. In the
following, the most prominent effects of ferroelectric materials are discussed taken the perovskite BT as a model material.
The high-temperature polymorph is cubic with the large barium cation Ba2+ on the A-site, Ti4+ on the B-site, and oxygen
anions O2 – on the centers of the faces. BT is paraelectric at temperatures beyond the transition Curie temperature
ϑCur=128 °C. Upon cooling, a phase transition from a cubic paraelectric phase to a tetragonal ferroelectric phase is
observed (Fig. 2.3), which is associated with a discontinuous jump of the spontaneous polarization from zero to a finite
value at the Curie temperature. The tetragonal distortion, arising from the relative displacement of B-site cations from the
center of the unit cell, is associated with the creation of a spontaneous polarization. The associated strain is called the
spontaneous strain.
Figure 2.3.: Phase transitions in BT. Schematic evolution of unit cell, lattice parameters, a, b, and c, and spontaneous
polarization of BT [Redrawn after Ref. [25]] for the four crystallographic structures: cubic (Cb), tetragonal (T),
orthorhombic (O), and rhombohedral (R).
1 This section is based on the books by Waser et al. [25], Lines and Glass [30], Uchino [1], and on the review articles by Haertling [31] and
Damjanovic [32].
2 The required electric field should not exceed the breakdown limit of the material. An experimental evidence of polarization reversal is required
in order to term a pyroelectric material ferroelectric. [1]
3 Aizu provides a tabulated summary stating the symmetry constraints that determine the ferroelectric/ferroelastic character of the material. [38]
2.1. Material classifications 23
A thermodynamic description of the transitions in ferroelectric materials is given by means of the Landau-Ginzburg-
Devonshire theory. [39] In the framework of this phenomenological theory, an order parameter is introduced, which is
homogeneous within pure phases and changes rapidly at the phase transitions. The Gibbs free energy ∆G of a single
ferroelectric domain without external load or any mechanical pressure can be expressed in terms of the polarizations P1,
P2, and P3: [40]
∆G (P1, P2, P3) = α1
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where αi, αij, and αijk are the dielectric stiffness coefficients at constant stress, also referred to as Landau coefficients.
The symmetry of the energy landscape thereby matches the symmetry of the ferroelectric phase. The coefficients do
not correspond to a physical property of the material and are determined by fitting of experimental data or by ab-initio
calculations. The principle of minimum energy predicts a stable system polarization as a minimum in the free energy
landscape. A two dimensional representation of the energy landscape for a tetragonal material is shown in Fig. 2.4. The
tetragonal energy minima are directly visible along the direction of the axis of the coordinate system. Without any applied
electric or mechanical field all four minima are energetically equivalent due to the symmetry of the system.
Figure 2.4.: Landau energy landscapes. Two dimensional representation of the Landau energy landscape for a tetragonal
Pb(Zr0.4Ti0.6)O3 material. Dark blue color regions indicate regions of polarization orientations with a lower
free energy, dark red color regions with higher free energy. Landau coefficients are taken from Ref. [41].
2.2 Domain walls
In the first part, this section discusses the formation of different types of domains in polycrystalline ferroelectric materials.
In the second part, the literature about the properties of static domain walls in BT single crystals is briefly summarized,
focusing on the Peierls potential of the lattice. The third part concentrates on the dynamics of domain walls. Experimental
results on the interaction between electric field and domain walls are summarized, the mechanism of the movement of
domain walls is explained, and the Merz equation is derived for the fundamental situation of a moving object in a random
environment.
2.2.1 Formation of domains1
The spontaneous polarization vector in a ferroelectric material can be oriented along a family of crystallographic directions
with the lowest free energy. For example, the spontaneous polarization vector of BT in the tetragonal phase will be parallel
to any of the six equivalent <100> directions. Unit cells with uniform polarization direction form coherent regions, refered
to as ferroelectric domains, separated by domain walls. 180° domain walls separate regions where the polarization vectors
are parallel but of opposite direction, while 90° domain walls separate regions with perpendicularly-oriented polarization
vectors. Both types of domains are ferroelectric (can be moved by an external electric field), while only non-180° domain
walls are in addition also ferroelastic (can be moved by an external mechanical field). In general, the configuration of the
domains will follow the head-to-tail configuration in order to avoid discontinuity in the polarization at the domain boundary.
1 This section is based upon the review articles by Damjanovic [32] and Arlt [42].
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When a ferroelectric material is cooled below its phase transition temperature, the cooperative alignment of polarization
vectors in adjacent unit cells to a monodomain state is accompanied by an apparent surface charge, which gives rise to a
depolarization field, ED. These depolarization fields can be minimized by the formation of ferroelectric domains, as shown
for 180° domains in Fig. 2.5a. It should be noted that other screening mechanisms, such as electrode screening, electric
conduction through the material, and polarization gradients can also compensate for the depolarization field. [43]
Figure 2.5.: Formation of a) 180° and b) 90° domains as a consequence of depolarization fields and internal stresses,
which arise when the material is cooled below the phase transition temperature. [Redrawn after Ref. [32]].
In addition to the spontaneous polarization, also a spontaneous strain forms at the phase transition temperature in a
single crystalline material upon cooling the material below its Curie temperature. The surfaces of a perfect single crystal
are not constrained and the full strain can be released and the crystal remains unstrained when cooled. Cooling of a
ferroelectric polycrystalline instead, results in internal mechanical stresses. These can be released by non-180° domains
(Fig. 2.5b). In polycrystalline BT the mechanical stresses due to the spontaneous strain were quantified in the range of
62–78 MPa [44; 45]1 and are of a shear and longitudinal type according to the axes of the respective cubical grain. The
formation of a 90° lamellar domain structure can release mechanical stresses in two dimensions, while three dimensional
stresses can be released by a banded domain structure. A lamellar and a banded domain structure are schematically
displayed in Fig. 2.6a and Fig. 2.6b, respectively. The type of domain structure is largely influenced by the grain size. The
critical grain sizes above which the respective domain configuration can form are g1 and g2, as displayed Fig 2.6. The
critical grain size g2 is about 4.7m and 1–2m for BT and lead zirconate titanate (PZT), respectively. A fictional grain
size of about g1=40 nm was reported for BT, below which the grains are single domain. [42]
Figure 2.6.: Non-180° domain structures in polycrystalline ceramic materials. a) Lamellar twinning and b) banded
domain structure in polycrystalline materials [Reprinted by permission from Springer Nature: J. Mater. Sci. [42],
Copyright 1990]. The critical grain sizes above which the respective domain configuration can form are g1 and
g2, as displayed in the figure, while g1<g2. Grain boundaries are indicated by the solid lines.
1 Even higher mechanical stresses of up to 355 MPa were reported in core-shell modified BT ceramics. [46]
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2.2.2 Static domain wall properties
The thickness of a domain wall is defined as the width of a region where significant changes of the order parameter from
its value deep inside the domains occur. [47] Experimental observation of the thickness of domain walls are important.
For example, the interaction of a domain wall with the intrinsic lattice potential, the Peierls barrier, during its movement
will depend on the thickness of the wall. The domain wall will only be influenced by the lattice potential, if the thickness
of the domain wall is comparable to the lattice spacing. [48] Experimental measurements of the thickness of domain
walls for multiaxial ferroelectric single crystals are however rare and strongly dependent on the experimental approach.
For a 180° domain wall in BT single crystals, the measured thickness ranges from 0.05m [49] to 2–3m [50]. For a
90° domain wall in BT thicknesses in the range of 0.002–0.025m [51; 52] to 0.2m [49] were measured. More recent
results displayed that the width of a 90° domain wall in BT can extend over several micrometers. [53] This effect is
also described by other authors. A gradient lattice strain layer (GLSL) was found to compensate for the strain mismatch
between the domain wall and the material deep inside the grain. [54; 55]
A domain wall has a higher energy compared to the domains which it separates. Considering a domain wall as a
two-dimensional object, this energy is usually represented in J/m2 and describes the surface energy density of the domain
wall [47]. Well studied domain walls are the 180° and 90° domain walls in BT. All results in Tab. 2.2 assume, that domain
walls have a thickness of zero and consequently their energy must be evaluated with respect to its orientation with respect
to the ions in the lattice. The important finding is that the energy for a (100) 180° domain wall in a BT material is a factor
of five lower, if it is centered around a Ba atom, compared to the case when it is centered around a Ti atom [56].
Table 2.2.: Domain wall energies. Domain wall energies (mJ/m2) in BT (A and B indicate the planes passing through A
and B perovskite sites; M indicates a plane passing through the ions of metals; O indicates a plane passing
through the oxygen ions only. A schematic drawing of the different orientations can be found in Ref. [56])
[After Ref. [47]].
Type of domain wall (100)-A (100)-B (110)-M (110)-O Peierls Barrier Reference
180°
1.4 [57]
1.5 47.9 45.3 10.3 46 [56]
16 [58]
90° 22.5 36.4 14 [59]
Recent publications use more advanced ab-initio calculations to study the domain wall properties. In this case the
energy of the system containing the wall is minimized and the energy of the wall is compared to the energy of the system.
The PbTiO3 system has been studied and results agree to the BT system. It has been found that A-centered 180° walls have
the lowest energy among 180° domain walls. [60; 61] Meyer and Vanderbilt compared the energy of a 90° domain wall to
a 180° domain wall in PbTiO3 and the wall energy of a 90° domain wall has been found to be four times smaller compared
to a 180° domain wall. The Peierls barrier in a defect free lattice in PbTiO3 is 1.6 mJ/m
2 for a 90° domain wall, while it is
37 mJ/m2 for a 180° domain wall, indicating that movement of the 90° domain wall will occur much more likely. [61; 62]
2.2.3 Dynamics of domain walls
Experimental observations
In their pioneering work in 1958 Miller and Savage investigated the dynamic response of 180° domain walls to an external
electric field. They observed the expansion of a sidewise moving 180° domain wall in the tetragonal phase of a BT single
crystal, etched down to 50m. The electric field was applied using liquid electrodes and the domains were made visible by
partially etching the sample. [63] The velocity of the domain wall was found to increase when the electric field was applied
and it saturated after moving a distance of 100 nm, as displayed in Fig. 2.7a. [64] This phenomenon was later interpreted
as an interplay between the quickly moving domain wall and screening charges. [65] Fig. 2.7c displays a collection of data
by various researchers [63; 66–71] on the field dependence of sidewise domain wall velocity of a 180° domain wall in
BT. Two regimes are apparent in the graph. For low fields, Miller and Savage suggested an exponential relationship [63],
while a power law was proposed for higher electric fields [69].
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Figure 2.7.: Domain wall dynamics. Time-dependent domain wall position, x, for a) a 180° domain in BT [Redrawn after
Ref. [64]] and b) a ferroelastic domain in Rochelle salt [Redrawn after Ref. [72]]. The dashed vertical line in b)
indicates the time at which the electric field was switched off. c) Field-dependent domain wall velocity, v, of
180° domain walls in BT [Data taken from Ref. [63; 66–71]].
Unlike nonferroelastic domain walls, the movement of ferroelastic domain walls involves mechanical stresses which
influence their dynamics. If a constant stimulus is applied to a ferroelastic domain wall, it should move with a constant
velocity. [73; 74] However, in real materials the velocity decreases due to various damping effects. The velocity of a
moving ferroelastic domain wall after the application of a square-like electric field was first measured in Rochelle salt. A
threshold field was required in order to move the domain wall and the domain wall slowed down after departing by more
than 1m from its original position, indicating the existence of a built-in restoring force. [75] Time-dependent domain
positions are shown in Fig. 2.7b. Ferroelastic domains clearly slow down and switch back after the electric field is switched
off, indicated by the vertical dashed line. [72] Similar results were observed for other materials, such as Gd2(MoO4)3
(GMO) [65] and KH2PO4 [76] single crystals. In the later case, it was reported that when two ferroelastic domain walls
approach each other a strong repulsive interaction takes place.
Mechanism of domain wall motion
By definition, a domain wall is moving if an interplay of thermal fluctuations and external fields helps to overcome the
potential barrier on its way. In a defect free ferroelectric material the depth of the potential barrier is defined by the
Peierls potential of the lattice. The domain wall may either jump over the Peierls barrier as a whole or, alternatively,
move forward by jumps of small pieces of the wall. In 1960 Miller and Weinreich suggested that a 180° domain wall
does not move sidewise in a continuous manner. Instead, the sidewise motion occurs by a continuous nucleation and
growth of domains at the domain wall. These have a triangular shape with a large aspect ratio, expanding laterally on the
same atomic plane [77], as schematically depicted in Fig. 2.8a. A very similar picture was already suggested before by
Drougard [78] and Abe [79].
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On the one hand the suggested mechanism reduces the Peierls energy that has to be overcome. On the other hand the
entire energy of the wall gets increased, because the total area of the wall increases. This interplay is reflected by a strong
electric field dependency. While for low fields the layers grow virtually flat, for high fields the nuclei pile up on the sur-
face of the domain wall and the surface of the moving wall appears rough. [80] The latter situation is displayed in Fig. 2.8b.
The suggested geometry from the original Miller and Weinreich model leads to unrealistically large nucleation energies
and depolarization fields. [81] Burtsev and Chervonobrodov optimized the model by considering an oval shape of nuclei
instead of a triangular one, which decreases the value of the activation field by two orders of magnitude. [62] Recently,
square nuclei with a diffuse interface were suggested based on atomistic Monte Carlo simulations. [82] Experimentally,
these steps were observed on (110) planes in a Pb(Zr0.2Ti0.8)O3 thin film using negative sperical-aberration imaging
technique in transmission electron microscopy (TEM). [83] Computation results give insight to the atomic nature of the
defects. It was found that the transition from one plane to the next plane occurs gradually and a large polarization rotation
was found around the steps. [84]
In contrast to ferroelectric domains, it was claimed that ferroelastic domain walls are not influenced by the Peierls
potential. [74] Instead the pinning of the ferroelastic domain wall occurs mostly by extrinsic defects. [48] A single
domain wall in LaAlO3, exposed to a small external stress, was found to move by a superposition of a smooth front and a
stop-and-go propagation of the needle tip, sometimes classified as an avalanche. This type of movement was related to the
pinning/depinning of the domain wall by defects: when a defect is hit, the field strength increases and the pinned wall
ruptures and progresses further. [85; 86] In time-resolved experiments, these events can be observed as discrete jumps.
The dynamics of ferroelastic domains is strongly temperature-dependent with the Vogel-Fulcher temperate (ϑVF) as a
transition temperature (Fig. 2.8c and d). At higher temperatures jerky domain wall movement occurs by horizontal and
vertical needle domains, while at very low temperatures, the lateral movement of the ferroelastic domain wall is operated
by kinks that propagate along the twin wall. [87] It was recently shown that these kinks inside the wall are highly mobile
and can travel with the speed of sound. [88]
Figure 2.8.: Mechanisms of domain wall motion. a) Schematic drawing of a triangular step on a 180° domain wall,
following the model of Miller and Weinreich [Redrawn after Ref [77]]. The nucleation occurs at the bottom
face, which represents the electrode. b) Schematic drawing of nucleation and expansion of nucleation-
controlled domain wall motion. A 180° domain wall moves in X -direction. The polarization and applied field
are parallel to the Z direction. The nucleation of the reverse domain takes place at the XY -plane [Redrawn
after Ref. [80]]. c) and d) Influence of temperature on the dynamics of ferroelastic domain walls, revealed by
simulations of a model ferroelastic material. c) Needle domains and kinks can be observed above ϑVF, while
needle domains are absent below ϑVF, displayed in d) [Reprinted with permission from [87]. Copyright (2011)
by the American Physical Society].
Creep theory1
The motion of a domain wall can be described by the dynamics of an elastic object in a random environment with pinning
centers, induced by an external electric field, as schematically displayed in Fig. 2.9a. The pinning potential with a barrier
height U, shown in Fig. 2.9b, is thereby a superposition of the intrinsic Peierls potential and the extrinsic contribution due
to defects.
1 This section is based upon the book by Tagantsev et al. [47] and the review articles by Chave et al. [89] and Pramanick et al. [90].
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Figure 2.9.: Creep theory of domain wall movement. a) Domain wall bowing between pinning centers (displayed as
blue dots) during the application of an electric field. b) Energy landscape with many metastable states in
the valleys with barriers U between them [Redrawn after Ref. [89]]. c) Typical dependence of the velocity
(expressed as 1/t) of a moving elastic wall on the applied electric field without (ϑ=0 K, dotted line) and
with temperature activation (ϑ>0 K, solid line) exhibiting creep, depinning, and flow scenario [Redrawn after
Ref [89]]. The points represent the inverse switching times in a C6H17N3O10S (TGS) single crystal measured at
room temperature [data points were taken from Fatuzzo and Merz [91]].
A general relationship between the external driving field and the velocity of a domain wall is shown in Fig. 2.9c.
Depending on the temperature, three characteristic scenarios can be distinguished: creep, depinning and flow. The
electric field-dependent domain wall velocity of a TGS single crystal, measured at room temperature [91], is plotted for
comparison in Fig. 2.9c and follows the theoretical prediction, displayed as a solid line. More recent measurements of field
and temperature-dependent domain wall velocities of PZT thin films can be found elsewhere [92].
If thermal activation is absent (ϑ=0 K), a domain wall does not necessarily move under the action of a driving force,
resulting in the existence of a threshold field, Ethr. For an applied field larger than the threshold field, E>Ethr, depinning
occurs and the domain wall moves with a small velocity
v = k1 · (E − Ethr)β . (2.6)
Here, β is the depinning exponent and k1 is a proportionality constant. At finite temperatures (ϑ>0 K) the motion is
governed by periodic and disordered pinning potentials (Fig. 2.9b). The velocity
v (E) = k2 · exp

− U
kBϑ

Ec
E
µ
(2.7)
depends on the competition between the pinning potential and the surface energy of the wall (creep scenario). The latter
thereby tends to keep the wall flat, while the former prevents sliding of the wall under external excitation. The exponent
in Eqn. 2.7 is
µ=
∆− 2+ 2ξeq
2− ξeq , (2.8)
where ξeq is the roughening exponent of the domain wall with a dimensionality ∆. U is a characteristic energy barrier, Ec
is the coercive field, k2 is a proportionality constant, and kB is the Boltzmann constant. The value of µ represents the
nature of the pinning potential in the material.
Disorder, such as defects or vacancies, can modify the periodical pinning potential and the exponent µ offers an
experimental access to the underlying physical mechanisms. A short range pinning potential (random bond) modifies the
depth of the ferroelectric potential and one- and two-dimensional domains should have a value of µ=0.25 and µ=0.5–0.6,
respectively. A long range pinning potential (random field) breaks the symmetry of the potential and a dynamic exponent
of 1 always holds, independently of the dimensionality of the domains [93].
The exponent µ is poorly studied in ferroelectric materials and experimental information on the movement of 180° do-
main walls were obtained exclusively by piezoresponse force microscopy (PFM). Several researchers reported a value
of the critical exponent close to 1 [81; 92; 94] for the dynamics of the domain walls in a PZT thin film, indicating that
the ferroelectric domains move in a weak-pinning regime with random field defects. In a Pb(Zr0.2Ti0.8)O3 thin film the
2.2. Domain walls 29
dynamic exponent was found to be 0.26, the roughening exponent of the domain wall was 0.26 and the effective domain
wall dimensionality was 2.5 [95]. In an epitaxial BT thin film a µ value of 0.5 was reported. [96] In this set of experiments
it was assumed that the wall moves in the weak-pinning regime with random bond defects. Interestingly, a decrease of µ
has been reported when artificial defects were introduced into the material. [93] While nominally defect-free systems
show µ values of 0.62–0.69, the values were reduced to 0.38–0.50 after introduction of defects.
In this context, the Merz [13] equation, which can be applied for the region of relatively low fields and high tem-
peratures [97], describes the movement of a ferroelectric domain wall in a random field potential. It is obtained by
reformulating Eqn. 2.7, considering a dynamic exponent µ=1 and Ea =
UEc
kBϑ
. Eqn. 2.9 relates the velocity of a domain
wall to the electric field by an exponential equation, where v0 is the domain wall velocity for an infinite field and Ea is
the activation field. It should be noted, that activation fields found in this model are orders of magnitude greater than
experimental observations [81], which is related to implausibly large nuclei of switched domains [98].
v (E) = v0 exp [− (Ea/E)] (2.9)
2.3 Mechanisms of polarization reversal1
The polarization vector in ferroelectric ceramic materials can be reoriented by an external electric field, a process which is
called ferroelectric switching. This is usually achieved by the movement of domain walls, macroscopically changing the
polarization and the dimension of the sample (strain). Field-dependent macroscopic measurements of these parameters
give the polarization and strain hysteresis loops, schematically displayed in Fig. 2.10. These loops are often considered as
the "fingerprint" of a ferroelctric material.
Figure 2.10.: Polarization and strain hysteresis loops. Schematic field-dependent a) polarization and b) strain of a
ferroelectric polycrystalline ceramic material. The dashed lines represent the curves from the virgin state
measurements. All terms are explained in the text.
In the virgin state (A), the domains’ polarization directions are statistically distributed, thus the macroscopic polarization
is zero. When an electric field is applied, polarization and strain slightly increase, which is related to intrinsic material
responses, such as dielectric and electronic polarization contributions. At higher fields this is accompanied by the
reorientation of the domain walls until a saturated state is reached (B). Here, domain wall reorientation is completed and
further increase of polarization and strain is related to intrinsic material responses. The saturation polarization and strain
(PSat and SSat) can be obtained by linear extrapolation to zero field, as highlighted by the black solid lines. These values
represent an ideal material state in which all domain polarization directions remain aligned in the electric field direction
after turning it off. In reality, a certain amount of domains will switch back, when the field is decreased to zero (C) and a
stable remanent state (Pr, Sr) is established. To reverse the polarization an electric field E>EC is required,
2 where EC is
1 This section is based on the book by Waser et al. [25].
2 The intrinsic (thermodynamic) coercive field corresponds to a field strength, at which the polarization is switched completely without the
movement of domain walls [99], as predicted by the Landau-Ginzburg-Devonshire mean-field theory [39]. The electric field EC required
to reverse polarization in practice, however, is several orders of magnitude lower than the theoretical value, due to domain nucleation and
growth.
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the coercive field.1 It should be noted that the coercive field can either be determined from the minimum of the strain
curve (ESC , (D) in Fig. 2.10b) or zero polarization (E
P
C , (E) in Fig. 2.10a). The former is usually related to the electric
field, at which the switching process starts, while the latter is correlated to the field at which domain wall movement is
maximized [1]. At high electric fields, after the reversal process is completed, the polarization increases again linearly (F).
Turning off the electric field returns the material in the remanent state, now with opposite polarization direction (G). The
difference in strain between (G) and (D) is defined as the negative strain, Sneg, while the difference between (D) and (F)
is called bipolar strain, Sbip.
2.3.1 Switching mechanisms in single crystals
In order to describe the mechanisms of the polarization reversal process, early research focused on the optical and
transient current investigation of ferroelectric single crystals.2 Based on optical microscopy and electric pulse experiments,
the switching process in 50m thin BT single crystals [13; 102] was described by the following sequence (Fig. 2.11):
nucleation of new domains, growth of those domains through the crystal, sidewise expansion, and domain coalescence
until the reversal of the entire polarization. Two examples, where complete polarization reversal occured by the nucleation
of a single domain followed by sidewise motion of the 180° domain wall across the entire crystal, were reported for
BT [103] and GMO [104]. More recently, the domain reversal process in Sr0.61Ba0.39Nb2O6 was visualized using 3D
Cˇerenkov-type second-harmonic generation. [105]
Figure 2.11.: The process of polarization reversal in a monodomain single crystal: a) monodomain state with polariza-
tion oriented upwards, b) nucleation of new domains, c) forward growth of nuclei, d) sideways growth, e)
coalescence of domains, and f) the final monodomain state with polarization oriented downwards [Redrawn
after Ref. [106]].
While this phenomenological description holds for an uniaxial single crystal, where other processes than 180° are
forbidden, single crystals of multiaxial ferroelectrics exhibit a more complex switching behavior. For example, Pan et al.
characterized BT single crystals by field-induced strain loops and found that some switching occurred by 90° domain wall
movement [107]. Jiang et al. reported similiar behavior using optical microscopy on a BT single crystal (Fig. 2.12a).
Starting from a monodomain state, (a+ domain), they found an intermediate step (b+ domain) with a polarization vector
perpendicular to the applied electric field, before the final monodomain state was achieved (a- domain). [108] Yin et al.
investigated polarization reversal in a 0.955 Pb(Zn1/3Nb2/3)O3 – 0.045PbTiO3 (PZN-PT) single crystal by attenuation-field
curves using acoustic measurements. Since the ultrasonic velocity is a function of the anisotropic elastic stiffness, the
reorientation of the domains can be illustrated using this method. Two peaks were found in the attenuation versus
electric field response (indicated by the blue arrows in Fig. 2.12b). This demonstrates that switching occurs by 0°→
71°→ 180° rather than 0°→ 180°. [109; 110] This observation was later confirmed by Zhu and Cross by simultaneous
polarization and longitudinal and transverse strain measurements [111], by Zhang et al. using TEM, [112] and by neutron
diffraction studies by Daniels et al. [113].
Li and Li recently suggested an approach to close the gap between early and recent experimental results on the switching
mechanism of multiaxial ferroelectric single crystals. [114] Using polarized light microscopy, they compared the switching
behavior of a perfectly poled BT specimen to that of a specimen, which was previously partially depolarized by mechanical
stresses. While the former switched by a 180° process involving nucleation and growth, as shown in Fig. 2.11, the latter
1 Time-dependent measurements have shown that also an electric field half of EC can reorient the polarization vector, if it is applied for a
sufficiently long time [100].
2 Early research on the polarization reversal in single crystals is summarized in the books of Fatuzzo and Merz [101], Lines and Glass [30], and
in a book section by Shur [65].
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switched by two successive non-180° processes. The influence of the switching process on the shape of the polarization
loop is depicted in Fig. 2.12c for the two scenarios: while the 180° switching process results in a step-like polarization
behavior, the non-180° process results in a slanted polarization loop. This demonstrates the important role of the initial
domain pattern: in the case of partial mechanical depoling, some a-a domain patterns were generated, while the perfectly
in-plane poled BT single crystal exhibits a monodomain state.
Figure 2.12.: Recent experimental results for the switching behavior in single crystalline multiaxial ferroelectrics. a)
In situ optical observations on a BT single crystal investigated by polarized light microscopy, indicating
polarization reversal by two successive 90° switching steps [Reprinted from [108], with the permission of AIP
Publishing]. b) Ultrasonic attenuation showing polarization reversal in a PZN-PT single crystal. The two peaks
in the positive field range marked by the arrows indicate switching over non-180°steps. [109] c) Comparison of
the switching behavior of a perfectly in-plane poled BT single crystal to a single crystal, which was previously
partially depolarized by mechanical stresses [Reprinted from [114], with the permission of AIP Publishing].
2.3.2 Switching mechanisms in polycrystals
As compared to the model laboratory experiments described above, the switching behavior of polycrystalline ferroelectric
materials is more complex, related to their complicated multidomain states and to grain interactions.1 These strongly
1 This accounts for bulk polycrystalline ceramic materials, as well as for thin films. The switching behavior in polycrystalline thin films, however,
is even more complicated, due to the mechanical boundary conditions introduced by the substrate. This will not be further discussed in this
work.
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influence the switching mechanisms, requiring a discussion of the different domain reorientation processes involved.
Switching mechanisms
Pioneering measurements by Berlincourt and Kruger in 1959 on domain processes in PZT and BT polycrystalline ceram-
ics suggested that non-180° domain processes contribute to the reversal of polarization in polycrystalline ferroelectric
materials [115], which is in agreement to later measurements by Uchida et al. [116; 117] and Tsurumi et al. [118].
In contrary to single crystals, the effect of internal stresses in polycrystalline ceramic materials largely determines
the polarization reversal process. [119] Therefore, many authors find two successive 90° processes (in general non-
180° processes) in order to achieve an overall 180° polarization reversal. Li et al. performed in situ X-ray diffraction
(XRD) measurements on a polycrystalline PZT ceramic, which was located at the morphotropic phase boundary. They
observed that polarization reversal occurs by two successive 90° domain reorientation processes instead of a 180° do-
main reversal process. [120] Jing et al. investigated switching in individual grains of a 100 nm thick polycrystalline
tetragonal PZT thin films by 3D-PFM. They found that almost half of the domains switched by 90° and some 180° re-
versal clearly went through two successive 90° switching steps. [121] Hsieh et al. performed PFM investigations on a
substrate-free polycrystalline PMN-PT film (Fig. 2.13a) indicating that polarization first switched in-plane by a 90° re-
versal step, followed by a second 90° reversal step to switch to the opposite polarization direction at a higher applied
field. [122] Switching current measurements during polarization reversal of a polycrystalline tetragonal PZT ceramic
(the two arrows in Fig. 2.13b represent the successive non-180° switching events) confirm this finding. [123] Daniels
et al. recently determined the time constants for the individual non-180° switching steps by dynamic time-resolved
in situ diffraction experiments of a commercial tetragonal PZT ceramic (Fig. 2.13c). They found a rapid first non-
180° reversal step with a time constant τ→, which is much lower than the second time constant τ↑. The difference
was related to a residual tensile strain in the ceramic after poling, acting as an auxiliary force for polarization reversal. [124]
Contrary to the findings described above, recent diffraction measurements by Fancher et al. quantified the contribution
of 180° domain wall movement to the measured macroscopic polarization to more than 80% for BT and PZT. [125]
Measurement data for a PZT sample are displayed in Fig. 2.13d. The black solid line indicates the measured polarization,
while the blue dots highlight the contributions from 180° switching events. Similar results were obtained by Gorfman
et al. for a BaTiO3-Bi(Zn0.5Ti0.5)O3. [126] They applied a resonant XRD method, which allows to observe 180° domain
reorientation processes. They concluded that polarization reversal occurs by 180° domain reversal or, if non-180° processes
are involved, those are faster than 2s, which was the time resolution of the experimental setup. On the other hand, other
experiments completely excluded the contributions from non-180° switching events. For example, investigations using
3D-PFM in a polycrystalline PbTiO3 thin films indicated that switching exclusively occurs by 180° reversal processes. [127]
Arlt suggested an alternative polarization reversal mechanism, which does not require two successive 90° processes to
reorient the polarization by 180°. [18; 128]1 A new transient 90° domain wall (blue line in Fig. 2.13e) is generated in each
grain with a lamellar 90° domain structure. This new wall is highly mobile, because it is macroscopically not ferroelastic
and no elastic forces hinder its motion. By this mechanism switching is considered locally as a 90° process, although
for the whole grain it appears as a 180° process, inverting the polarization of the grain. Experimentally this mechanism
was never systematically investigated and confirmed. Some evidence was given by Keve and Bye who observed individ-
ual 90° domain switching events, reversing the polarization of the grain in a polycrystalline ceramic material by 180°. [129]
Only a few studies tried to combine complementary measurements of respective physical parameters in order to account
for ferroelectric 180° and ferroelectric/ferroelastic non-180° events simultaneously. Based on field-depended XRD peak
intensities, coupling coefficient, and normalized polarization, Yamada et al. suggested a sequence of switching steps for a
tetragonal PZT polycrystalline material. In this sequence, 90° reorientation occurred at E=1.0 kV/mm and E=3.0 kV/mm,
while 180° switching events appeared at E=2.0 kV/mm. [130; 131]
In a series of publications, Krüger, Gerthsen, and Schmidt investigated the polarization reversal process utilizing
simultaneous polarization and strain measurements in polycrystalline PZT ceramics. [132–134] Starting from the remanent
state, they found that the strain markedly decreased when an electric field was applied anti parallel to the poling direction,
while the polarization did not change significantly. However, no complete sequence of the switching process could be
revealed in this work. It was suggested that the switching process in polycrystalline ceramics is different to the switching
1 Being discovered in 1996, this idea was not followed in the following years. Interestingly, a recent publication by Scott et al. [24] suggested a
similar switching mechanism for thin films. They find that in many ferroelectric-ferroelastic materials, "superdomains" will form in which the
strain and polarization average to zero over mesoscopic distances to minimize the depolarization and strain energies. They claim that these
superdomains switch as a block, resulting in a hysteresis loop with a large step. Unfortunately no experimental proof was provided.
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process in a single crystal, because in the former small misaligned nuclei are already present and no energy for nucleation
is required. They demonstrated that these nuclei are of non-180° type, because they can be grown by either electric or
mechanical fields.
Figure 2.13.: Experimental results on polarization reversal in polycrystalline ceramic materials. a) Vertical PFM (VPFM)
and lateral PFM (LPFM) of the same region at different applied electric fields in a polycrystalline PMN-PT thin
film. The domain switching sequence is shown schematically [Reprinted from [122], with the permission of
AIP Publishing]. b) Switching current density during polarization reversal for a polycrystalline PZT sample
indicating two sequential non-180° switching events, as shown by the arrows [After Ref. [123]]. c) Volume
fraction of switched ferroelastic domains as a function of time in a polycrystalline PZT material with a schematic
domain switching sequence [After Ref. [124]]. d) Comparison of the measured macroscopic polarization (solid
line) and polarization contribution from 180° switching events (blue dots). Data measured on PZT [After
Ref. [125]]. e) Scheme of a transient non-180° domain wall moving in a lamellar twinned domain structure
under an applied electric field. The polarization of the grain is reversed by 180°, while local switching occurs
by 90° [Redrawn after Ref. [128]].
.
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Electric and mechanical grain interactions
The interactions between grains in a polycrystalline ceramic body are of both electric and mechanical nature. Electric
interactions occur by depolarization fields, when a region within a material reverses its polarization. If unscreened, the
depolarization field acts as an additional barrier to nucleation, which tends to backswitch the nucleated region. In single
crystalline model systems with a monodomain state, individual regions cannot be screened because of the nonconducting
nature of the material. Calculations suggest that isolated nuclei generate an insurmountable energy barrier, making
independent nucleation very unlikely. [135] In single crystalline materials this barrier can be overcome if switching events
occur highly correlated with long spatial correlation lengths [136], if switching happens next to defects stabilizing the
nuclei [137], or if the nuclei are stabilized by thermal activation [138; 139].
Theoretical calculations in polycrystalline materials suggest independent region-by-region switching with very short
correlation lengths [140], based on the assumption that non-mobile local bound charges are randomly distributed over
the grain boundaries, which change in time in order to screen the depolarization field [141; 142]. In contrast, Arlt et al.
suggested that internal electric fields in one grain support switching in the neighboring grains. [143–146] Micromechanical
modelling, which includes multigrain analysis, also indicate electromechanical interactions between grains during the
polarization reversal process. [147; 148]
Experimental evidence indeed supports the predictions that grains in polycrystalline materials are correlated electrically.
Domains in one grain of a polycrystalline ferroelectric material may continue in the adjacent grain over the grain boundary,
experimentally observed in various materials, such as BT [149; 150] and PZT [151–153] polycrystalline bulk ceramics
and thin films (Fig. 2.14a and b). For a set of grain misorientations, possible grain boundary planes, which allow domain
matching, were identified recently. [154] An interesting result is that although the grain orientation in a material is random,
the grain boundaries are not random and experimental data proove that the 3 orientation relationship1 is preferred over
other relationships in BT, PZT, and SrTiO3 polycrystalline ceramics. [156] One of the grain boundaries that allows do-
main continuity is the {111} boundary, which shows {110} plane matching [157; 158] and allows domain continuity [154].
Independent of the feature of the grain boundary to allow domain continuity, the domain structure in adjacent grains
in polycrystalline materials is found to be mechanically correlated. Ivry et al. found a correlation length, which is
larger than the grain size [159], indicating that the domains in neighboring grains influence each other both electrically
and mechanically [160]. The domain structure in PZT ceramics in one grain was strongly influenced by the domain
structure in the neighboring grain upon electric poling, indicating that polarization reversal involves both intergranular
and transgranular cooperation. [161] A combined PFM and electron backscatter diffraction (EBSD) study suggested
interaction between grains with different crystallographic orientations, which will enhance or suppress the switching
behavior [162], due to a spatial coupling of mechanical fields [163]. Tip-induced switching in PFM in one grain leads to
grain deformation, which promotes switching of adjacent grains. [164] Ferroelastic switching in a part of a grain was
found to trigger switching in the adjacent part. [165] The motion of a domain wall with an external electric field in a single
grain forces a mechanical pressure on a domain wall in the same grain due to the elastic deformation, hence increases the
probability of their simultaneous displacement. [166] Localized Rayleigh measurements indicate collective domain wall
dynamic behavior in regions spanning over several grain boundaries with correlation lengths of several microns. [167] PFM
studies suggest that stress concentrations are maximized at grain corners and boundaries, which enhances or suppresses
switching locally due to favored nucleation and domain pinning at the grain boundary, respectively. [162] This was
confirmed by phase field simulations (Fig. 2.14c). Switching in one grain promotes the nucleation of new domains
in the neighboring grains. [138; 168; 169] For highly misaligned grains, it was found that grain boundaries can pro-
mote 90° switching in neighboring grains due to stress concentrations induced by ferroelastic domain wall movement. [170]
Internal residual stresses, originating from mechanical grain-to-grain interaction, were quantified by Hall et al. using the
method of Eshelby. [171] The Eshelby inclusion problem for switching in polycrystalline ceramic materials is presented
in Fig. 2.14d–f. The lattice strains accommodate the electric-field-induced movement of non-180° domain walls. [172]
The shape change of a non-constrained grain under the application of an electric field can be described with an Eshelby
transformation strain tensor, "Trs. The deformation process is schematically displayed for a stack of 90° domains in a grain
of a ceramic with a tetragonal crystal structure. During the application of an electric field, the dimensions of the grains
increase in direction 3 and decrease in directions 1 and 2 (Fig. 2.14e). This results in a misfit between the unstrained
1 5 parameters are required to macroscopically characterize the boundary between two grains, which is usually represented as [axis](grain
boundary plane)angle. The  notation describes the grain boundary in the concept of the coincidence site lattice (CSL). In this context, the
quantity  (always integer and odd) defines the ratio between the volume of the standard unit cell and the volume enclosed by a unit cell of
the coincidence sites of the two lattices. Thereby a smaller value of  describes a highly ordered grain boundary. For example, in a 1 small
angle grain boundary nearly all lattice points are part of the CSL. [155]
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matrix and the strained grain. If this deformation occurs constrained, the matrix and the grain will deform simultaneously
(Fig. 2.14f). According to Eshelby, the constrained strain "Cst for an equivalent homogeneous inclusion can be calculated
by "Cst=Γ"Trs, where Γ is the Eshelby tensor. [173] The constraint of the matrix induces a strain of "Cst-"Trs inside the
grain.
Figure 2.14.: Electric and mechanical grain interactions. Depending on the nature of the boundaries, domains may
continue over several grains, as shown for a) BT [Reprinted from [149], with permission of John Wiley & Sons,
Inc.] or stop, as displayed for b) PZT polycrystalline ceramic materials [Reprinted from [151], with permission
from Elsevier]. c) Domain structure during polarization reversal in a polycrystalline ceramic material. The
yellow lines represent the grain boundaries. The dashed and thin lines denote 90° and 180° domain walls,
respectively. The arrow indicates the direction of growth of the 90° domain wall [Reprinted from [168],
with permission from Elsevier]. d–f) Eshelby inclusion problem on the strain fields in a linear elastic body
(represents the polycrystalline material) containing an inclusion (represents a single grain): d) unconstrained
matrix without the inclusion, e) the inclusion undergoes a free transformation through motion of 90° domain
walls by an applied electric field. The dimensions of the inclusion change by "Trs . f) The deformation of the
inclusion is restricted because of the surrounding material, resulting in a stress state in the inclusion and the
surrounding matrix [Redrawn after Ref. [172]].
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The stresses are highly heterogeneous within a bulk material, depending on the orientation of the grains with respect to
the electric field. The interacting length scale of the stresses was recently quantified by Daniels et al.. They suggested
that the local strains average out over clusters of 10 and 20 grains [174; 175] using a variant of three-dimensional XRD
measurements [176].
2.4 Influence of parameters on polarization reversal
Compared to a single crystal, the polarization loop of a polycrystalline material is considerably different. While the loop is
typically rectangular for a perfect single crystal, it gets slanted for a polycrystalline material. Polarization switching gets
more difficult as manifested by an increase in the coercive field, usually accompanied by a decrease of the switchable
polarization. The goal of this section is to discuss the influence of various parameters on the domain wall movement in
polycrystalline ceramic materials, and thus the shape of the polarization loop.
2.4.1 Local electric field
The velocity of a domain wall within a grain of a polycrystalline ceramic material is influenced by the locally-acting electric
field. In a first approximation, the local electric field is a projection of the external macroscopic field onto the spontaneous
polarization vector. [177; 178] Several secondary effects were reported to further influence the local electric field, such
as stress concentrations near grain boundaries [179], porosity [180], crystallographic structure [181], and degree of
crystallographic texture [182]. In polycrystalline PZT materials, for example, a broader distribution of switching times and
a higher coercive field were found for a tetragonal PZT material, compared to a rhombohedral one. This was related to a
higher anisotropy in the dielectric tensor κ11/κ33 [183].
In the context of inhomogeneous electric fields, the idea of a propagating switching front in a polycrystalline ceramic
material was first developed by Arlt, Hwang, and Waser [143–146] and later reconsidered by Lupascu et al. [177]. Arlt
found for the case of a nonconducting polycrystalline ceramic material that the fluctuating fields at the grain boundary are
much larger than the coercive field. He concluded that adjacent grains interact with the strongly fluctuating electric fields,
resulting in a propagating switching region. [144] Qualitative predictions of the shape of the region were done by Hwang
et al.. [145; 146] They represented each grain by a cubic element in a mesh. Their model predicts, that once a grain has
reversed its polarization, the switching probability of the neighboring grains will be increased. Thereby, the probability
of switching of the nearest top and bottom elements is two times higher compared to the six elements at the side. The
propagating switching region can be described by an ellipsoid with its long axis in the direction of the applied electric field
(Fig. 2.15).
Figure 2.15.: Propagating switching front. Individual elements represent grains of a polycrystalline ceramic material, while
the color scheme gives the probability to switch [Redrawn after Ref. [145; 146]].
2.4.2 Lattice distortion
The influence of lattice distortion on switching will be discussed for tetragonal samples, since the effects in these materials
are well investigated. In other crystal structures the effects are expected to be similar, but less pronounced due to a smaller
distortion of the lattice.
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The angle between the two polarization axes of ferroelectric domains in tetragonal materials usually deviates from the
90° configuration. Stemmer et al. show examples of domain wall deviations for highly tetragonal PbTiO3 thin films. [184]
The deviation angle ζ can be calculated as
90◦ − ζ= arctan((c/a)−1), (2.10)
where c/a is the lattice distortion of the tetragonal material. Calculations for different material systems are in good
agreement with experimental results. For example, a BT single crystal with a lattice distortion of c/a=1.01 exhibits a
value of ζ=0.5°. [185–187] For a PbTiO3 crystal with a c/a ratio of 1.063, higher deviation angles of up to 3.6° were
found. [188; 189] The dependence of the angle ζ on the lattice distortion (Eqn. 2.10) is plotted as a blue solid line in
Fig. 2.16a, where the blue squares represent experimental values.
Figure 2.16.: Correlation between the lattice distortion, internal compatibility stresses, domain structure, and switch-
ing behavior. a) The influence of increasing lattice distortion on the maximum stresses at a band junction
between two domains and deviation angle ζ. The blue solid line represents the calculation based on
Eqn. 2.10. [190] The c/a ratios of BT and Pb(Zr1-xTix )O3 with different titanium contents x are plotted for
comparison as vertical lines [Redrawn after Ref.[190]]. The influence of the c/a lattice distortion on a simple
2D domain structure is shown in b–d): b) Customary drawing, c) separated domains showing the mismatch
due to the lattice distortion, and d) dashed and dotted zones show the tensile and compressive strains in
the joint domain pattern [Redrawn after Ref. [191]]. The influence of c/a ratio on the domain structure is
depicted in TEM images in e) and f) for (Pb1-yCay )TiO3 polycrystalline ceramic materials. e) For y=0.500 (c/a
close to 1.00) strain-induced domains are absent, while they can be clearly observed for f) y=0.313 (c/a close
to 1.04) [Reprinted from [192], with permission of John Wiley & Sons, Inc.]. The influence of c/a ratio on
the remanent and maximum switchable polarization for a La modified BiFeO3-PbTiO3 is highlighted in g). A
threshold value c/a thr=1.045 was identified, beyond which polarization reversal was completely suppressed
[Redrawn after Ref. [193]].
The correlation between the deviation angle and internal compatibility stresses is explained in Fig. 2.16b-d. A stress-free
domain structure is schematically depicted in Fig. 2.16b. This domain structure can be separated into four pieces, displayed
38 2. Theoretical background
in Fig. 2.16c.1 Mechanical stresses arise, which will peak at the junction points, where the domain structure is forced back
to be exactly 90° (Fig. 2.16d). [191] Calculations by Pertsev and Arlt showed that a large amount of strain energy is stored
in such junctions between different lamellar regions. [194] This strain mismatch has to be accommodated in the crystal or
can be partially released by edge dislocations at the boundaries. Significant stress levels, which exceed 1.03 GPa for a
c/a ratio of 1.03 at the junction of 90° domains, were calculated based on TEM and EBSD results, while no dislocation
patterns where found. [190; 195] It is well known that these stresses can be large enough to destroy the polycrystalline
ceramic material. [196]
The maximum stress is plotted as a function of the c/a ratio in Fig. 2.16a. In order to accommodate high elastic strains,
the domain structure will become smaller with increasing c/a ratio. [42] A good example is the (Pb1-yCay)TiO3 system.
Increasing the Ca content will decrease the c/a ratio. TEM images, which display the influence of c/a ratio on the domain
structure in this system, are displayed in Fig. 2.16e and f. While strain-induced domains are absent for a c/a ratio of 1.00,
they can be clearly observed if the c/a ratio increases to 1.04. [192].
A direct influence on macroscopic switching properties is depicted in Fig. 2.16g. For a BiFeO3-PbTiO3 model system
with different La contents [193], a decrease in remanent and maximum polarization was found with increasing c/a ratios.
In this context, switching was easiest for small c/a ratios, while it got more difficult if the c/a ratio increases. Moreover,
a threshold value of c/athr=1.045 was identified, beyond which ferroelectric/ferroelastic switching was completely
suppressed under the applied electric field. In agreement to this work, an increase of the coercive field with the c/a ratio
for other PZT-based systems is usually found [197; 198].
2.4.3 Crystallographic structure
In several polycrystalline material systems, such as PZT [181; 199–201], (1-x)Ba(Zr0.2Ti0.8)-x(Ba0.7Ca0.3)TiO3 [202; 203],
and BT [204], easier switching of the rhombohedral phase compared to the tetragonal phase was observed. In particular,
a higher activation energy for polarization reversal, a broader distribution of switching times [202], a higher coercive
field [205], and a reduced switchable polarization were found for tetragonal PZT compared to the rhombohedral one.
The influence of crystallographic structure on polarization reversal can be rationalized by the amount of equivalent
polarization directions, which is 6, 12, and 8 for a tetragonal, orthorhombic, and rhombohedral state, respectively. Under
an applied electric field the polarization vector of a domain in a polycrystalline material will tend to orient as close as
possible to one of the favorable polarization axes. The fraction of the single crystalline polarization value, which can be
ideally realized in a random polycrystalline ceramic material, was calculated by Baerwald assuming the absence of any
correlations between polarization vectors in different grains [206] and is summarized in Tab. 2.3.
Table 2.3.: Crystal structures, the number of equivalent directions and its influence on the maximum possible frac-
tion of single crystal polarization value, which can be achieved in a random polycrystalline state [After
Ref. [196]].
Crystal symmetry Polar axis Number of equivalent
polarization directions
Fraction of single crystal
polarization obtainable in
a polycrystal [206]
Tetragonal <001> 6 0.831
Orthorhombic <110> 12 0.912
Rhombohedral <111> 8 0.866
Li et al. investigated the influence of crystal structure on non-180° switching and the corresponding strain. They claimed
that non-180° switching is forbidden in tetragonal materials due to constraints by differently oriented neighboring grains.
For a rhombohedral material, it was found that polarization reversal through 71° and 109° domain switching is possible,
although no macroscopic strain from these processes can be observed. [207] This is in disagreement to findings by Hall et
al., who clearly proved that lattice strains were induced in tetragonal and rhombohedral materials by non-180° domain
switching. [172; 208–210]
With the crystal structure also the lattice distortion changes. While a value of lattice distortion of 2.4% was reported
for a tetragonal (Pb0.965La0.01Sr0.02(Zr0.51Ti0.49)O3) PZT ceramic material, a lower value of only 0.7% was reported for
1 It was specifically noted that the reported effects will only occur above a critical grain size, where a banded domain structure can be
formed. [190] This critical grain size is about 4.7m and 1–2m for BT and PZT, respectively [42].
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its rhombohedral (Pb0.965La0.01Sr0.02(Zr0.56Ti0.44)O3) counterpart. [211] This has two consequent effects. Firstly, higher
stresses and therefore a finer domain structure to compensate these stresses are expected for the tetragonal composition.
Indeed, a finer domain structure for tetragonal compared to rhombohedral polycrystalline ceramic materials was reported
for a PZT system. [212] Secondly, polarization reversal in a tetragonal material involves larger stresses compared to a
rhombohedral counterpart. This can be manifested by diffraction measurements. The contribution of non-180° switching
to the volume fraction of domain switching has been quantified to 20–25% for a rhombohedral material, while a lower
value of 7–8% was found for a tetragonal material. [213]
2.4.4 Grain size and grain boundaries
Grain boundaries are 2D defects, classified according to their tilt or twist nature and the misorientation angle between
the grains. The influence of grain boundaries on macroscopic polarization reversal was studied intensively in various
polycrystalline ferroelectric materials by changing their concentration, which was realized by synthesizing samples with
various grain sizes. It is generally accepted that the switchable polarization decreases with decreasing grain size and
the polarization hysteresis loop gets more slim. Moreover, ferroelectricity was found to vanish, if a critical grain size
is achieved. [214–223] Characteristic polarization loops for a BT ceramic with different grain sizes are revealed in
Fig. 2.17a. Other effects originating from grain boundaries, such as the influence of the type of a grain boundary or
the misorientation angle on macroscopic properties, are usually neglected. These can be studied, by the comparison of
textured to randomly oriented material. A characteristic polarization loop of a polycrystalline BT material, displaying the
influence of crystallographic texture is given in Fig. 2.17b.
Figure 2.17.: Influence of grain size and boundaries on polarization loops. a) Polarization loops for polycrystalline
BT ceramics with different grain size [Redrawn after Ref. [214]]. b) Polarization loops for random and
crystallographically textured polycrystalline BT ceramics [Redrawn after Ref. [224]].
Upon cooling a ferroelectric/ferroelastic material from a high-temperature stress-free cubic state below its phase
transition temperature, internal stresses arise due to anisotropic thermal extension coefficients and the formation of the
spontaneous strain. For polycrystalline non-ferroelectric Al2O3 it was demonstrated that internal residual stresses, which
mainly develop due to anisotropic thermal expansion coefficients in this system, decrease slightly with decreasing grain
size, due to enhanced stress relaxation mechanisms along the grain boundaries. [225; 226] Therefore, as suggested by
Bussem et al. [44], internal stresses in ferroelectric/ferroelastic materials mainly develop as a result of the formation
of the spontaneous strain and are tensile in a and compressive in c direction in a tetragonal unit cell, since the grain is
clamped by its neighbors. This effect gets more pronounced when the grain size of the piezoceramic material decreases.
Arlt calculated a dependence of the inhomogeneous stress state on the grain size. The volume of material influenced
by the inhomogeneous stress state in BT accounts to 7%, 22%, and 70% for a grain size of 10m, 1m, and 0.1m,
respectively [214], indicating moderate mechanical fields inside the grain and extremely high fields at and near the grain
boundary [227; 228]. Also other observations, without giving a more detailed explanation, suggest that internal stresses
should decrease with decreasing grain size. [229; 230]
The weakening of the grain boundary by internal stress concentration influences the mechanical properties of the
material. With a weakened grain boundary, predominantly intergranular crack propagation was observed for PZT samples
with a small grain size, while in samples with larger grains mainly transgranular fracture occurred. [231]
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In a more recent work, Ghosh et al. quantified the influence of grain size on the internal stresses in BT polycrystalline
ceramics using high-energy synchrotron radiation. They found that for tetragonal BT samples with grain sizes in the range
of 0.21–3.52m, neither the internal residual stresses nor the microstresses vary significantly. [232] The former were
quantified according to the position, while the latter by the broadness of the (111) Bragg reflection peaks, respectively. The
(111) Bragg peaks for BT samples with different grain sizes are displayed in Fig. 2.18a. Kungl and Hoffmann investigated
PZT materials with a grain size ranging from 1–3.5m. [200] Similar to Ghosh et al., they observed no or little changes in
the dependence of internal stresses on the grain size in polycrystalline ceramic materials. This indicates that the residual
mechanical stresses are almost completely released by the formation of twinned non-180° domain walls, as mechanistically
described in section 2.2.1.
The domain size of a grain scales with the grain size; a correlation described by the Kittel’s law. [233] Above a
critical grain size of about 1m, the domain size, δ, was found to increase with grain size, g, exhibiting a square-root
dependence [42], similar to the findings in magnetic materials [234].
δ∝pg (2.11)
A typical domain structure of a BT ceramic material with a fine grain size is compared to the domain structure of a
coarse-grained material in Fig. 2.18d and e, respectively. [235] The dependence of domain size on grain size is displayed
in Fig. 2.18f. As verified by the dashed line, Eqn. 2.11 can be roughly confirmed for a grain size range 1<g<10m for a
BT polycrystalline material. [236]
The increase in non-180° domain wall density in the lamellar domain structure is also manifested by an increase in
diffuse scattering between the (002) and (200) diffraction peaks displayed in Fig. 2.18b. [232] This diffuse scattering
was related to an enhanced strain distribution around the non-180° domain walls [237; 238], which could be derived
mathematically [239]. This feature was later on investigated in more details by Choi et al.. They described a 90° domain
wall in a tetragonal BT as a complex structure, which is tetragonal deep inside the grain, while they assume that the domain
wall is cubic. In between, GLSL form in order to compensate for the strain mismatch [54], as schematically displayed in
Fig. 2.18h. The mass fractions of the individual layers for a BT polycrystalline material could be determined by Rietveld
analysis of XRD profiles and are plotted in Fig. 2.18i. While for a grain size of 2.5m the cubic and the GLSL mass frac-
tions account to approximately 20 wt.% of the material, it decreases to approximately 10 wt.% for a grain size of 20m. [55]
The domain size is directly related to the mobility of the non-180° domain walls. In an early model by Arlt et al. [236],
a force constant for the movement of non-180° domain walls was introduced, which was independent of the domain size.
In follow up publications, Arlt and Pertsev [166; 227] suggested a dependence of the force constant on the width of the
domain structure, related to electric and mechanical field concentrations at and near the grain boundary. According to
their calculation, fine-grained materials have a higher force constant than coarse-grained materials. This directly indicates
that non-180° domain walls in finer domain structures are more difficult to move than domain walls in coarser domain
structures. This finding was also supported experimentally for small ac excitation signals by Wu and Schulze. [240] They
reported, that fine-grained BT ceramics do not exhibit nonlinear dielectric effects and have a lower dielectric loss. This is
an indication that domain walls are more clamped in fine grain materials. Also, Demartin and Damjanovic [241] found a
weaker domain wall activity in fine-grained BT (0.7m) than in course-grained materials (26m).
Building up on a conventional nucleation and growth model [16; 242; 243], which is applied to describe the polarization
reversal of single crystalline materials, Duiker et al. discussed the influence of grain boundaries on the polarization reversal
process [244; 245]. As schematically depicted in Fig. 2.18g they found an increase of the switchable polarization and a
sharpening of the distribution of switching times, when increasing the grain size.
While until now all studies focused on the influence of grain size on internal stresses and domain wall activity, this
paragraph will discuss the influence of the type of the grain boundary. In this context, internal stresses were found to be
strongly dependent on the degree of crystallographic texture. Vedula et al. found lower residual stresses and narrower
stress distributions in textured Al2O3 ceramic materials, compared to untextured samples (Fig. 2.18c). [246] This is in
agreement with other studies on Al2O3, which found a significant reduction of residual stresses to one third of the value
measured in samples without crystallographic texture. [247] Even though no experimental study is available on the
effect of crystallographic texture on the internal stress state in ferroelectric materials, it can be assumed that the effect is
even more pronounced due to the possibility of a cooperative alignment of the grains and reduced clamping during the
formation of the spontaneous strain.
As a direct result of the stress state, domain switching in the core of a grain might be fundamentally different from
domain switching in the vicinity of the grain boundary, as suggested by Anton et al. [179]. The effect could be made visible
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by PFM measurements.1 Polarization loops measured at the grain boundary between grains with dissimilar crystallographic
orientation in a PZT thin films were strongly shifted along the voltage axis, i.e., they showed a strong imprint [163] and
coercive fields measured locally at the grain boundary were considerably larger compared to measurements at the center
of the grain [165]. It was found that the grain boundary impedes ferroelastic switching, while ferroelectric switching is
facilitated at one side of the grain boundary and restrained at the other side. [248]
Figure 2.18.: Influence of grain size on internal stresses, domains, and the switching behavior of polycrystalline ce-
ramic materials. High-energy XRD patterns of a) (111) and b) (200) Bragg reflections of BT samples with
different grain sizes in the range of 0.30–3.52m [Redrawn after Ref. [232]]. c) Residual stress distribution in
textured and random Al2O3 [Redrawn after Ref. [246]]. A domain structure of tetragonal BT is shown for a
d) fine grain structure (g=0.74±0.07m) and a e) coarse grain size (g=74.3±5.1m), respectively [Reprinted
from [235], with permission from Elsevier]. The dependence of domain size on grain size for tetragonal BT is
shown in f) [Data were taken from [236]]. The dashed lines represents the expected square-root dependence,
Eqn. 2.11, in the range of 1<g<10m. g) The switched polarization for samples with different grain sizes
according to a model based on nucleation and growth of domains [Redrawn after Ref. [244]]. h) Model
describing a 90° domain wall in a lamellar domain structure. The GLSL is required to compensate the strain
mismatch between the cubic grain boundary and the tetragonal material phase. i) The mass fraction of the
cubic, tetragonal and GLSL phase are displayed as a function of the grain size for a BT material [Reprinted
from [55], with the permission of AIP Publishing].
1 The general limitation of this experimental approach is that the stress state of the material changes, because the surface needs to be removed.
This might influence the results obtained from localized PFM measurements.
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Pinning of domain walls at grain boundaries is another frequently observed phenomenon. For example, density
functional theory (DFT) calculations suggest that 180° domain walls get pinned at 5 grain boundaries. [249] Pinning
of domain walls at a grain boundary was also observed experimentally and depinning only occurred when the applied
voltage was sufficiently increased. [250] In a bicrystal, it was found that a domain wall was attracted and pinned by a
24°(100) grain boundary. [251]
A detailed study of the interaction between moving domain walls and grain boundaries was carried out in a recent series
of publications by Marincel et al. using a bicrystal thin film model system and PFM. [252–254] A region of 720–820 nm in
the vicinity of the grain boundary was identified, where the domain wall mobility was influenced by the grain boundary.
TEM images indicate that static type domain walls are present near the grain boundary, while mobile domain walls are
observed far from this region. [252] The influence of crystallographic structure on local pinning was investigated on a
series of PZT thin films. It was found that the grain boundary influences domain wall motion in a range of 800± 79nm
and 450± 30nm for a tetragonal and rhombohedral thin film, respectively, which was attributed to a higher domain wall
density in case of the rhombohedral thin film. [253] The influence of the type of grain boundary was also studied. It was
found that tilted grain boundaries with angles 15° or less have similar energy to other pinning centers in the film, while
24° tilt angle grain boundaries pinned the domain wall much stronger. For twist grain boundaries, the grain boundaries
with a 30° misorientation showed significant pinning, while a misorientation angle of 10° was comparable to other pinning
sites. [254] This value is in good agreement with phase field simulations. It was found that the switching behavior in a
bicrystal with a misorientation less than 15° was similar to the switching behavior of a single crystal. [169] This indicates
that the nature of the grain boundary, or its respective energy [255], play a significant role for the description of the
switching behavior in polycrystalline ferroelectric materials.
Grain boundaries are typically paraelectric and distort ferroelectric switching. This was manifested by phase field
simulations, in which grain boundaries with a thickness of 0.8 nm were used and the grain size decreased from 80 nm to
10 nm. It was found, that the switchable ferroelectric phase and the mobility of domains were influenced by the grain
boundary volume concentration. Macroscopically, tilted hysteresis loops, substantially lower remanent polarization and
coercive fields were suggested, if the grain size gets reduced. [256] The influence of the thickness of the grain boundary
was also studied. Thereby, it was found that both the coercive field and the remanent polarization decrease with increasing
thickness of the grain boundary, indicating easier domain wall movement. [257; 258]
2.4.5 Other effects influencing the movement of domain walls
Various other effects influence the domain dynamics in polycrystalline ferroelectric materials. The following list gives a
brief summary:
• Domain interactions: It is clear that domain wall processes cannot occur independently, as proven in various
experimental and theoretical works. It was for example found that ferroelectric domains can pin other ferroelectric
domains [259] and the presence of 90° domain walls inhibits the motion of 180° domain walls [260].
• Chemical doping: Doping can have a large influence on the domain wall movement. Lanthanum doping in PZT
ceramics, for example, is known to enhance the domain wall mobility. [261] This effect was explained by immobile
La-defect dipoles, which create random destabilizing fields that make the domain structure less stable and domain
wall movement easier. [262] On the other hand, acceptor doping can lead to presence of defect complexes that pin
the domain walls [263], which is the common approach to obtain hard-type piezoelectrics.
• Electrode defects: For a GMO single crystalline model system, it was found that a single moving domain wall stops
due to extended electrode defects and larger electric fields are required in order to move the domain wall away of
the defect. [264; 265]
• Composites: The coercive field was reported to increase when ZnO was added as a secondary phase at the grain
boundaries of 0.94(Na1/2Bi1/2)TiO3-0.06BaTiO3 polycrystalline ceramic materials. [266; 267]
• Dislocations: Dislocations can act as pinning sites for domains. [259; 268]
2.5 Theoretical models
Theoretical models to describe the polarization reversal in ferroelectric materials can be in general classified into the
following groups: statistical, micromechanical, phenomenological, and homogenized energy models. The goal of this
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section is to introduce the models conceptually and comment on their suitability for polycrystalline ceramic materials.
Thereby, the focus is on the statistical models, since they aim to describe the macroscopic dynamics of the polarization
reversal process.
2.5.1 Statistical models
Statistical models are based on the theories developed by Johnson and Mehl [269], and independently by Avrami [243] in
the 1940s. Ishibashi and Takagi [16] systematically applied their method to ferroelectric switching using the mathematical
method of Kolmogorov [270], which is commonly used to describe the crystallization kinetics in metals. The driving
force for the classical Avrami approach is the difference in free energies between the starting and the new phase. In the
framework of the Kolmogorov-Avrami-Ishibashi (KAI) model, it is assumed that the mean size of individually-transformed
regions is small compared to the sample size, the nucleation probability is spatially uniform, and the value of growth
velocity is the same for all transforming regions. Additionally, following the theory developed by Fatuzzo [242], the
domain wall movement is considered as the time-dependent step. In the KAI model, a temporal dependence of the reversed
polarization is presented as
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where τESw is a unique time constant, related to the movement of a domain wall after nucleation in an infinite sample.
∆Pmax is the amount of the reversed polarization reached at saturation and Λ is the Avrami exponent. The latter depends
on the dimensionality of the domain nucleus and on the nucleation rate and is expected to take only integer values from
1 to 4. The KAI model distinguishes between one-step-nucleation (no additional nuclei form and domain walls move
with a constant velocity, Λ=δdim) and continuous nucleation (additional nuclei form during the switching process with
a constant rate and domain walls move with a constant velocity, Λ=δdim+1), where δdim is the dimensionality of the
domain. Stripe domains (δdim=1), circular domains (δdim=2), and spherical domains (δdim=3) are distinguished, as
displayed in Fig. 2.19a. Even though the relationship between Λ and the dimensionality of domains has never been proven
by experimental methods, the KAI model is commonly used to describe the time-dependent polarization or current of many
single crystals, such as BT [182; 271], (CH3NH3)5Bi2Br11 [272; 273], TGS [274; 275], and KTiOPO4 (KTP) [276]. A
typical example of the time-dependent switched polarization of a [111] oriented BT single crystal is provided in Fig. 2.19b.
Thereby, solid lines reveal fits according to Eqn. 2.12. Field-dependent and non integer Avrami exponents are found. [271]
The KAI model provides a good description of the polarization for short and medium times, while deviations from the
experiment occur mainly in the late switching stage. [277] Therefore, the model was later on modified to take finite
samples into account [278; 279] and a new mathematical treatment of experimental data was proposed by the group of
Shur. When the growing domain touches any boundary it stops growing in that direction, resulting in a change of the
Avrami exponent; a phenomenon called "geometrical catastrophe". [15; 280] Non-integer and field-dependent Λ values
were also explained by a mixing of one-step-nucleation and continuous nucleation. [276]
The KAI model was also applied to describe switching in more complex systems, which are characterized by a higher
degree of disorder than single-crystalline materials. For example, Furukawa et al. applied the KAI model to describe
switching in certain copolymers [281] and found Λ values as large as 5. While the switching dynamics of some polycrys-
talline [282–284] and epitaxial [285; 286] thin films could be described by a KAI behavior, Lohse et al. [22] compared the
switching behavior of thin films to single crystalline materials and found that thin films exhibit a broadened distribution
of switching times and suggested that the KAI model cannot be applied in its current form. Their findings triggered the
extension of the KAI model by Tagantsev et al.. [19] They suggested that in a thin film the polarization reversal process is
controlled by an aggregation of regions with different switching dynamics, while the switched polarization of the bulk
material is a superposition of all switching regions. In their nucleation limited switching (NLS) model, switching of a region
is limited by the nucleation of new domains rather than by domain wall movement, and a smooth and exponentially broad
distribution of nucleation waiting times was suggested to describe the switching process in a thin film. Individual regions
thereby correspond to single grains or clusters of grains and grain boundaries act as frontiers to limit the propagation
of the switched region. [287] While polarization reversal in thin films could be described by a distribution of nucle-
ation waiting times in the frame of the NLS model [288; 289], the physical origin of the time-distribution remained unclear.
Based on the relation between electric field and switching time, Genenko et al. suggested to described switching
by the inhomogeneous field mechanism (IFM) model. In their model, the switching time distribution is related to
the inhomogeneous field distribution in the polycrystalline material, without implying a certain mechanism of domain
nucleation and subsequent growth. [100; 290] Instead, it is assumed that each grain has a homogeneous polarization in
44 2. Theoretical background
the direction of its pseudocubic axis most close to the direction of the applied field, and the externally applied field gets
locally distributed, as shown in Fig. 2.19c. In this context, the time-dependent switched polarization
∆P (ESw, t) =∆Pmax
∫ ESw/Emax(t)
0
du
u
φ (u) (2.13)
can be calculated for any high voltage (HV) field pulse ESw, if the functions Emax(t) and φ(u), which represent fingerprints
of the ferroelectric material, are determined experimentally. An inhomogeneous distribution of the electric field for a
polycrystalline PZT sample is displayed in Fig. 2.19d. In Fig. 2.19e, this distribution of the electric field is applied and
∆P(t) curves for different switching fields are constructed according to Eqn. 2.13.
Even though the model in its final form [290] can describe the polarization dynamics of polycrystalline ceramic
materials [180–182; 202; 203; 291], and even ferroelectric polymers [292; 293], the influence of domain walls and
mechanical and electric correlations between grains is neglected. In addition the model cannot describe the macroscopic
strain response.
2.5.2 Micromechanical models1
The first micromechanical models to describe polarization reversal were suggested by Chan and Hagood [298] and
Hwang et al. in 1994 [17]. In the latter approach, the polycrystalline material is made up of many randomly-oriented
tetragonal and single-domain grains and the switching behavior of each individual grain is described by an idealized
rectangular hysteresis behavior. Each grain is subjected to the same externally-applied electric field and stress. The applied
field is increased stepwise and for each step the change in energy, related to a possible 180° or 90° switching event, is
calculated. It is important to note that the critical switching energies for the respective events usually cannot be determied
experimentally. When the sum of the electric and the mechanical work exceeds a critical value (Eqn. 2.14), the direction
of the spontaneous polarization switches.
Ei∆Pi +σ jk∆S jk ≥ 2PSEC (2.14)
Here, ∆Pi is the change in remanent polarization and ∆Sjk is the change in remanent strain of the switching domain.
Experimental results and the description by the model of Hwang et al. are provided in Fig. 2.19f. The first set of models
described a very simplified behavior. Individual grains were described as monodomain single crystal regions and domain
walls were neglected. [17; 299; 300] Also, inhomogeneities in the electric field and stresses, and consequently grain
interactions, were ignored (Reuss-type approximation). [301] Later on, interactions between grains were implemented by
the Eshelby approach [302; 303] or finite element methods [304]. The models were extended and domain configura-
tions [305; 306] and interaction between domains [307] were taken into account. Extensions to other crystallographic
systems, such as rhombohedral materials [303], or a phase coexistence [308] are also available.
2.5.3 Phenomenological models2
By introducing internal variables, complex constitutive equations for structural mechanics problems, such as elasticity
and plasticity, can be reformulated as differential equations. [309] This approach was first applied to the modeling of
the hysteresis in ferroelectric materials by Chen et al. in the 1980s. [310; 311] The internal variables, which represent
the remanent states of polarization and strain, were supposed to characterize the degree of alignment of microscopic
dipoles with a certain directions in space. Even though the model is relatively complex and limited to electric hysteresis,
the polarization and strain response of a rhombohedral PZT material could be described well, as demonstrated in Fig. 2.19g.
The model was implemented into a thermodynamic framework and the polarization and strain were decomposed into
reversible and irreversible parts. [312; 313] A yield surface similar to metal plasticity was introduced, which defined
the switching criteria. Reversible behavior was assumed to occur within the yield surface and irreversible remanent
strain and polarization were allowed to develop for loading states on the surface. [314] On this basis, the first complete
phenomenological multiaxial description of the ferroelectric and ferroelastic hysteresis under nonlinear, coupled mechanical
and electric loads was developed by Landis. [315] A correlation between the internal variables and the domain and
microstructure of the material was later provided by Kamlah and Wang [316] and Mehling et al. [317].
1 This section is based on the review articles by Kamlah [294], Huber [295], Landis [296], and on the recent dissertation by Stark [297].
2 This section is based on the review articles by Kamlah [294] and Landis [296].
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Figure 2.19.: Theoretical models describing the switching process. The shape of domains with different dimensionality
according to the KAI approach are revealed in a) [Redrawn after Ref. [16]]. The blue arrows indicate the
direction of growth. b) Switched polarization as a function of time for a [111] oriented BT single crystal. The
symbols correspond to the experimental results obtained at a constant switching field as indicated, while the
solid lines represent fits according to Eqn. 2.12 [Redrawn after Ref. [271]]. Scheme of the inhomogeneous
distribution of the externally-applied electric field for a polycrystalline ferroelectric material, with a scanning
electron microscopy (SEM) image of a polycrystalline PZT sample as a background [Reprinted from [290],
with permission of John Wiley & Sons, Inc.]. The weighted statistical distribution of the local electric field
value extracted from experimental data, displayed in d), can be used to describe the experimental results
for a polycrystalline PZT sample highlighted in e) using the IFM model. In e), the symbols correspond to
experimentally-measured data points, while the solid lines are constructed according to Eqn. 2.13 [Redrawn
after Ref. [290]]. Comparison of measured and calculated field-dependent polarization and strain of a PZT
material for the early f) micromechanical [Redrawn after Ref. [17]] and g) phenomenological model [Redrawn
after Ref. [311]], respectively. h) The influence of non-uniform lattice spacing, a1>a2, of a PZT unit cell on the
free energy landscapes [Redrawn after Ref. [318]] creating different activation barriers, ∆G1<∆G2.
2.5.4 Homogenized energy models
Homogenized energy (HE) models were developed in a series of publications by Smith et al.. [318–322] Initially proposed
for 180° polarization reversal [318; 320] they were extended to account for 90° polarization reversal later on [321; 322].
In the framework of these models, constitutive relations are constructed on the unit cell level. While these can be directly
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applied to describe the polarization reversal in homogeneous single crystalline materials, in polycrystalline materials
properties such as the coercive field, the critical driving forces, and the interaction fields are assumed to be homogeneously
distributed. An example is outlined in Fig. 2.19h. Here, it is displayed that nonuniformities in the lattice, as expressed by
different lattice constants, a1>a2, produce a variation in the Gibbs free energy profiles, ∆G1<∆G2, resulting in a variation
in the local coercive field and remanent polarization.
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3 Objective of the work
The possibility to switch the polarization vector is the main property distinguishing ferroelectrics from other polar materials.
The understanding of this process represents a challenging scientific problem and is crucial for technical applications.
Despite this, some fundamental questions have not yet been answered sufficiently:
1. What is the sequence of 180° and non-180° switching events in polycrystalline ferroelectric materials?
2. How does the microstructure of a polycrystalline material influence the activation barrier for switching and the
distribution of switching times?
3. What is the correlation between mechanical stresses, domain structure or other microstructural parameters, and the
macroscopically observable dynamic switching response?
Although different experimental techniques shed light on various aspects of the switching process and a broad range
of models were provided, the first question was not sufficiently answered. Even more, different experiments report
contradicting results. Some researchers claim that polarization reversal happens by two successive non-180° switching
events [120; 124], others predominantly observe 180° processes [125; 126], while again others propose only a single
180° event [127]. A similar discrepancy is found when comparing the theoretical switching models. The state of the art
statistical models assume only one single 180° event [290], while non-180° events were already included in other models
more than a decade ago [17; 321].
The first aim of this work is to develop a combined approach to tackle the first question. A device was constructed which
allows to apply sharp HV pulses to the material and measure its dynamic response over several decades, ranging from 1s
to several s. A detailed description of the construction of this device will be given in Sec. 4.2.1. Thereby, the macroscopic
polarization and strain response are measured simultaneously. This allows to separate between purely ferroelectric, and
ferroelectric/ferroelastic domain contributions. Both contribute to polarization, while only the latter contributes to the
strain response of the sample. Combining the setup with high-energy synchrotron diffraction allows to simultaneously
track the structural changes of the material, giving additional information about ferroelastic domain switching and internal
mechanical stresses. The latter can be incorporated into a Landau energy landscape and the influence of combined electric
and mechanical loads on the stable states of a domain can be revealed. The obtained results will be presented in detail in
Sec. 5.1.
Figure 3.1.: Schematic representation of the different parameters to be investigated in this work. a) Crystallographic
structure, b) grain size, and c) crystallographic texture. The blue solid lines in b) and c) represent grain
boundaries.
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The literature related to the second and third question was reviewed in Sec. 2.4. While easier and faster switching
has been observed for polycrystalline BT samples with larger grain sizes [214], or a higher degree of crystallographic
texture [224], little is known about the influence of microstructural parameters on the dynamics of the polarization
reversal process. In particular, the origin of the broad distribution of switching times in polycrystalline ceramics remains
unclear. The specific objective of the second part of this study is to investigate the effect of the different microstructural
boundary conditions and degree of disorder on the polarization reversal process. In this context, a set of three series of
parameters, as summarized in Fig. 3.1, is investigated.
The influence of the crystal structure was studied on a PZT series with different Zr/Ti ratios and thus different
crystallographic structures, including pure tetragonal, morphotropic phase boundary, and rhombohedral compositions. The
influence of the grain size was studied for rhombohedral PZT materials with a grain size ranging from 4.1 to 11.3m. The
influence of the degree of crystallographic texture was studied for polycrystalline materials on Ba0.85Ca0.15TiO3 samples
with microstructures ranging from a random orientation to a high degree of crystallographic texture. The synthesis
procedures for the different series of samples will be summarized in Sec. 4.1, while the obtained experimental results
will be presented in Sec. 5.2. Thereby, the distribution of switching times is discussed with respect to internal stresses,
mechanical boundary conditions, the domain configuration, and the inhomogeneous field distribution. State of the
art statistical models claim that the broad distribution of the switching times is solely a result of the inhomogeneous
distribution of the applied electric field [290], while the chemistry and the microstructure of the material are completely
neglected. Therefore, the systematic correlation between the microstructure and the switching dynamics of polycrystalline
materials, presented in this work, represents the basis for future improvement of theoretical models.
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4 Materials and methods
4.1 Materials
Different ferroelectric ceramics were investigated as model materials. The mechanism of polarization reversal was
investigated on a commercial PZT material, while the influence of crystal structure was revealed on PZT materials with
different Zr/Ti ratios. Various grain sizes were realized by changing the sintering conditions for a PZT materials with a
rhombohedral composition. Materials on the basis of BT were used as model materials to investigate the influence of the
degree of crystallographic texturing.
4.1.1 Mechanism of polarization reversal
A commercial soft polycrystalline Pb0.99[Zr0.45Ti0.47(Ni0.33Sb0.67)0.08]O3 (PIC 151, PI Ceramic, Lederhose, Germany) with
a tetragonal structure was investigated as a model material.1 Bar-shaped samples (1x1x10mm3) were cut and sputtered
with platinum. Prior to the measurement, all samples were annealed at 500° and cycled 20 times at 0.5 Hz and 3 kV/mm
to remove any unstable electric contributions. Bipolar polarization and strain loops were measured at 3 kV/mm and
0.1 Hz before and after each switching experiment, to ensure that the pulse experiment did not irreversibly influence the
properties.
4.1.2 Influence of crystal structure on polarization reversal
Pb0.985La0.01(Zr1-xTix)O3 ceramics were prepared by the mixed-oxide route [323] with different compositions x=0.5,
0.475, 0.46, 0.44, and 0.40 to obtain samples with different crystal structures.2 Donor doping with 1 mol.% La3+ was
performed on the A-site. Powders were pressed into cylindrical pellets of 12 mm in diameter using uniaxal pressure of
17.7 MPa, followed by cold isostatic pressing at 400 MPa. The pellets were sintered at 1050° C for 6 h with a heating rate
of 2 °C/min. The samples were ground to a thickness of 0.7 mm and sputtered with platinum electrodes. Prior to the
measurements, all samples were annelaed at 500° and cycled 20 times at 0.5 Hz and 3 kV/mm to remove any unstable
electric contributions. Bipolar polarization and strain loops were measured at 3 kV/mm and 0.1 Hz before and after each
switching experiment, to ensure that the pulse experiment did not irreversibly influence the properties.
4.1.3 Influence of grain size on polarization reversal
Rhombohedral Pb(Zr0.7Ti0.3)O3 ceramics with different grain sizes were prepared
3 by varying the sintering conditions.
Cylindrical pellets with a diameter of 8 mm were pressed uniaxialy at 50 MPa, followed by cold isostatic pressing at
300 MPa. The samples were sintered at a sintering temperature ranging from 1150°–1250° C, while the sintering time
varied from 2–8 h. The heating and cooling rate was 5°C/min. The density of the samples was measured using the
Archimedes method. The grain size of the samples was measured using SEM (Jeol JSM-7600F, Tokyo, Japan) images.
Therefore, the samples were polished to 0.25m (DP-Paste M, Struers, Ballerup, Denmark) and chemically etched. For the
grain size analysis 100–500 grains were analyzed in each sample.
For electric characterization, the samples were ground to a thickness of 1.2 mm, followed by 500° C stress-free annealing
and sputtering with platinum electrodes. Prior to the measurement the samples were annealed at a hot plate at 500°C to
remove possible aging effects. All samples were cycled 20 times at 0.5 Hz and 3 kV/mm to remove any unstable electric
contributions. Bipolar polarization and strain loops were measured at 3 kV/mm and 0.1 Hz before and after each switching
experiment to ensure that the pulse experiment did not irreversibly influence the properties.
1 Please note that among several self-made lead-containing and lead-free ferroelectric materials, the commercial PIC151 material was the only
material which could be investigated under synchrotron radiation. All other materials showed irradiation damage under combined synchrotron
radiation and pulse or bipolar electric fields with a low frequency of <0.1Hz. This was manifested by changed strain and polarization response.
Locally, at the position where the beam hits the sample, a black dot appears. The effect is reversible and disappears after thermal annealing.
2 Dr. Hans Kungl from KIT Karlsruhe is acknowledged for the preparation of the samples.
3 Silvo Drnovšek from JSI Ljubljana is acknowledged for the preparation and initial characterization of the samples.
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4.1.4 Influence of crystallographic texture on polariaztion reversal
Polycrystalline ceramics with the chemical composition Ba0.85Ca0.15TiO3 with different degrees of crystallographic tex-
ture were produced.1 The samples with a high degree of texture were fabricated by the reactive templated grain
growth process using a mixture of BT and CaTiO3 (CT) template particles as crystal seeds, while samples with a
low degree of texture were prepared by a solid state reaction without templates. The composition of the starting
materials for all samples was 0.85BaTiO3-0.15CaTiO3 with 1 mol.% Ba excess. In addition, 1 mol.% MnCO3 and
1 wt.% B2O3-ZnO-SiO2 glass powder were added to reduce the leakage current and to improve the density, respec-
tively. Tape casted and laminated samples with a thickness of approximately 0.4 to 0.6 mm were prepared and sintered at a
temperature of 1350° C for 5 h in Ar flow containing 0.3 % H2. Detailed processing conditions can be found elsewhere. [324]
The density of the sintered samples was measured using the Archimedes method. XRD patterns of the samples were
determined using K/K radiation (Rigaku Smart Lab DPK, Tokyo, Japan). The degree of crystallographic texture was
described using the Lotgering factor [325]
F =
p− p0
1− p0 · 100% (4.1)
with
p0 =
∑
I00l∑
Ihkl
. (4.2)
Here, p measures the normalized intensity fraction of the diffraction planes contributing to the crystallographic texture
of the sample and the parameter p0 is the normalized intensity fraction of diffraction planes contribution to the crys-
tallographic texture of a nontextured sample. Since a perfectly random sample was not available, the intensities for a
nontextured sample were simulated using the same chemical composition and instrumental parameters.
In addition, the recorded patterns were fitted by the Rietveld method using the March-Dollase (MD) equation [326].
In this model, the intensities of each hkl reflection are corrected by a factor Πhkl(f,r,ω), in relation to two predefined
crystallographic lattice planes (h1k1l1) and (h2k2l2):
Πhkl( f , r,ω) = f ·

r21 · cos2ω(h1k1 l1) + 1r1 sin
2ω(h1k1 l1)
− 32
+ (1− f )

r22 · cos2ω(h2k2 l2) + 1r2 sin
2ω(h2k2 l2)
− 32
(4.3)
In this equation, f indicates the textured volume fraction, r is the degree of texture, and ω is the intersection angle of the
lattice planes hkl with the lattice planes (hikili) (i=1,2). The software Topas 5 was used for the refinement
2. Pseudo-Voigt
functions and asymmetry correction were used to describe the shape and width of the reflections. The positions of the
reflections were determined from refining lattice parameters together with a correction for sample height displacement.
Positional parameters were fixed according to the positions reported by Tiwari et al. [327]. The model of MD was used to
describe the intensity change of reflections resulting from crystallographic texturing. In this respect, a model with two
lattice planes, (001) and (100) of preferred orientation was used, where the same MD-parameter was used for both types
of lattice planes with additionally fixing their fractional appearance to a ratio of 1:2 according to the theoretical reflection
multiplicities.
For microstructural investigations, cross sections of the samples were ground, polished to 0.25m, and thermally-etched
at 1250° C for 10 min. Thermally-etched surfaces were investigated in a SEM (XL 30 FEG, Philips Corporation, Netherland).
The grain size analysis was performed using the linear intercept method (Lince software Version 2.4.2e, Nichtmetallisch
Anorganische Werkstoffe, TU Darmstadt, Germany).
Electric characterization of the samples was carried out with a triangular wave signal with a frequency of 0.1 Hz and an
amplitude of 3 kV/mm. Characterization of the polarization dynamics was carried our using the setup from Dr. S. Zhukov3
and is published in details elsewhere [182].
Temperature- and frequency-dependent relative permittivity values were measured on poled samples at frequencies
from 1 kHz to 1 MHz with a measurement voltage of 1 V between room temperature and 200 °C at a heating rate of
2 °C/min. An impedance analyzer 4192A (Hewlett Packard Corporation, CA, USA) was used for the measurement. The
1 The group of Prof. Sakamoto from Nagoya University is acknowledged for the preparation of the samples.
2 Ass. Prof. Dr. O. Clemens is acknowledged for helping with refinement of the diffraction data.
3 Dr. S. Zhukov is acknowledged for providing the measurement data.
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Curie temperature was taken as the temperature of the maximum of the loss factor. To investigate the thermally-stimulated
depolarization current (TSDC), measurements in short-circuit mode have been performed. The samples were heated with
a constant rate of 3 °C/min, while the discharge currents were monitored by a Keithley electrometer (Keithley, Model 617,
OH, USA). Before TSDC measurements, the samples were poled by a positive electric field of 2 kV/mm applied for 10 min
at ambient temperature and short circuited for 30 min to remove any unstable contributions of polarization.
4.2 Electric measurements
4.2.1 Pulse large signal measurements
The dynamics of the polarization reversal can be characterized if the response of a poled material to a pulse electric field
is measured on the logarithmic time scale. [13] An experimental setup and measurement technique was described by
von Seggern and Fedosov [328] for ferroelectric polymers, which was later transferred to polycrystalline ferroelectric
ceramic materials by Zhukov et al. [100]. The aim of this section is to describe the electric circuit and remote control of
the experimental setup and the treatment of the raw data.
Experimental approach
The electric field sequence displayed in Fig. 4.1 is applied to the polycrystalline material in order to measure its polarization
reversal dynamics. Thereby, the material is poled with an electric field EP for a time tP. After poling, the sample was
allowed to relax for a waiting time of tw. The actual switching was performed with a HV pulse of height ESw for a time
tSw. Then the material was poled again with the parameters EP and tP. A reference measurement was performed with a
HV pulse of height ESw for a time tSw.
Figure 4.1.: Electric field sequence to measure the polarization reversal dynamics in ferroelectric materials. The symbols
are explained in the text. The switching measurement is marked in blue, while the reference measurement is
marked in red [After Ref. [100]].
Experimental setup
Experimentally, the polarization switching method is challenging because a setup is required, which provides a sharp HV
pulse with a sufficiently small rise time and no overshoot. Also, data acquisition on a logarithmic time scale over several
orders of magnitude, usually spanning from 1s to 10 s, needs to be realized.
The setup was constructed by combining commercially available equipment and a self-built HV Fast Switch, schematically
shown in Fig. 4.2a. The control element of the setup was a USB measurement card (USB-6211, National instruments,
Austin, TX, USA), which allowed to control the setup by analog and digital output channel and data acquisition. The
control of the setup was in particular realized by HV relays1 (H Serie, Meder electronic, Großbreitenbach, Germany) in the
HV Fast Switch. They can be switched by 5 V signals, provided by the analog output channels of the measurement card. In
the following terminology, a HV relay is activated and the original state is switched, if a 5 V pulse is provided.
1 The maximum voltage of the HV relays is 10 kV [329].
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The HV pulses were realized by a commercial HV transistor switch (HTS 41-06-GSM, Behlke GmbH, Kronberg, Ger-
many)1, which can switch between HV and ground. A schematic electric circuit of the HV Fast Switch showing all important
elements is displayed in Fig. 4.2b. The HV is provided by a buffer capacitor with a capacity of CB=2 F, which is charged
by a HV source (Trek Model 20/20C, Lockport, NY, USA), and allows to provide a voltage V0. A voltmeter connected
in parallel to the buffer capacitor is used to monitor the charge on the capacitor. The charging of the capacitor can be
controlled by two HV relays K1/1 and K1/2. If activated, the buffer capacitor can be charged, if not activated, the buffer
capacitor is ground.
The HV transistor switch is triggered by a 5 V2 pulse, provided by a function generator (Agilent 33220A, Santa Clara,
CA, USA). The HV transistor switch is protected by two current limiting resistances RS.
3 A tradeoff between speed and
protection has to be found and for all experiments in this work a protection resistance of RS=100
 was used. In case of a
breakdown of the sample the voltage drop will occur at these resistances. The shape of the HV pulse provided by the HV
Fast Switch is shown in Fig. 4.3. 75 % of the maximum voltage is reached after 115 ns, while 100 % is reached after 250 ns.
Figure 4.2.: Experimental setup to measure switching dynamics using HV pulses. a) Schematic integration of the HV Fast
Switch and combination with other electric equipment to realize simultaneous measurement of polarization
and strain. b) Schematic electric circuit of the HV Fast Switch showing the most important elements. The HV
relays are shown in the non-activated state. All terms are explained in the text.
1 The maximum operating voltage and peak current capability of this model is V0max =4 kV and IPmax =60 A, respectively [330].
2 Please note that any trigger voltage above 5 V will destroy the HV transistor switch irreparable.
3 The resistance RS will determine the rising time of the HV pulse at the sample. A higher resistance value will decrease the rising time
dramatically. On the other hand, the resistance RS will determine the maximum applicable voltage V0=RSIPmax .
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Figure 4.3.: HV pulse provided by the HV Fast Switch. HV pulse provided by the HV Fast Switch setup of height Vapp
during polarization reversal for a commercial PZT sample. A protection resistance of R s=100
 was used. The
time when the electric field is switched on is marked by a vertical dashed line.
The poling of the sample does not require a sharp HV pulse. In order to apply the HV from the amplifier directly to the
sample, a bypass was realized by a combination of two HV relays K4/1 and K4/2. If activated, the bypass-path is active, if
not activated, the switching/reference-path is active.
The poling/reference measurement requires a change of polarity of the sample, which was realized by four HV relays,
K2/1, K2/2, K2/3, and K2/4. If they are activated, the polarity of the sample changes and the reference measurement is
realized. If they are not activated, the switching measurement is realized.
A modified Sawyer-Tower-circuit [331] was used in order to measure the electric displacement of the sample. Therefore
a measurement capacitor Cm
1 (WIMA MKS4, Wima, Mannheim Germany) was connected in series to the sample and the
voltage drop Vm across the capacitor was read by a high input impedance operational amplifier (LF356, Texas Instruments,
Dallas, TX, USA). The electric displacement was calculated as
D =
Vm · Cm
A
, (4.4)
where A is the area of the sample. The measurement capacitor can be short circuited by a HV relay K3. If activated, the
measurement is possible, if not activated, the measurement capacitor is short-circuited and the charge on the capacitor is
deleted. The HV signal was read directly at the sample. The HV monitor signal has a ratio of 500 V:1 V.
The simultaneous measurement of the macroscopic strain of the sample was realized by an optical displacement sensor
(LF356, Texas Instrument, Dallas, TX, USA) with a time resolution of 0.1 ms2. The setup for time-dependent displacement
measurements is schematically shown in Fig. 4.4. The change of the macroscopic dimensions of the sample in the direction
of the applied electric field, l(t), allowed to calculate the sample’s strain dynamics
S(t) =
l(t)− linit
linit
, (4.5)
where linit is the dimension of the sample after electric poling.
Data recording on the logarithmic time scale was realized by two simultaneous data acquisition techniques. The sample’s
response on the fast time domain (10-6 s–5·10-4 s) was measured by an oscilloscope (Agilent MSO7014B, Santa Clara,
CA, USA), while the slow time domain (>10-4 s) was recorded by a measurement card (USB-6211, National instruments,
Austin, TX, USA).
1 The size of the capacitor will depend on the area of the sample, as well as on the electric displacement of the sample and needs to be optimized
in order to reduce the noise of the measurement signal. For all experiments in this work a measurement capacitor in a range between
Cm=2.2F to Cm=9.8F was used.
2 Please note that the displacement sensor has a 3 dB cutoff frequency at 200 kHz [332]. The low time resolution of 0.1 ms is a result of the
setup used (Fig. 4.4), which transfers the displacement of the sample via a mechanical spring and a mirror to the glass fiber and the optical
displacement sensor.
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Figure 4.4.: Scheme of the setup for time-dependent displacement measurements.
Remote control
The experimental setup is remote controlled by a LabView program with a front panel shown in Fig. 4.5.
Figure 4.5.: Front panel of the LabView program used to remote control the Fast Switch. In the first row the experiment
and the experimental setup are defined. The second row allows to run a poling or switching/reference sequence.
On the right, the status of the analog channels is monitored.
Before an experiment can be started, the respective connections for the input and output channels at the measurement
card have to be defined and the required equipment has to be added. Also the following parameters have to be defined:
• Name of experiment: Name of the current experiment.1
• Thickness of the sample [mm]: Required to calculate the input voltage for the amplifier.
1 The applied electric field during switching as well as the measurement type (switching/reference) will be automatically added to the sample
name when the file is created.
56 4. Materials and methods
• Amplifier constant [V/V]: The amplification constant is a characteristic device value of the amplifier used. It is
required to calculate the input voltage for the amplifier.
• Poling field [V/mm]: Defines the maximum field applied during poling.
• Poling time [s]: Defines the time during which the poling field is applied.
• Type of experiment: The switch allows to change between different types of experiments: switching and reference.
• Switching field [V/mm]: Defines the height of the field applied during the switching/reference sequence.
• Time for charging capacitor [s]: Defines the time, during which the capacitor is charged.
• Pulse length [s]: Defines the time during which the HV pulse is applied.
• Sample rate m-card [Sample/s]: Defines the amount of data points per second which are read by the measurement
card.1
• Backswitching time [s]: Defines the additional time which is read out after the electric field is switched off.
The second row of the program allows to run the poling and switching/reference sequence. The respective flow charts are
displayed in Fig. 4.6a and b. They will be explained in detail in the following section. After pressing the start button the
respective sequence will run automatically.
Figure 4.6.: Steps of the LabView program during the a) poling and b) switching/reference sequence. The lines show
the analog output signal channels, which control the HV relays. The color blue indicates that the respective
channel is activated. Please note that the polarity channel in b) is either switched on or off, depending on the
type of experiment (switching/reference).
The poling sequence (Fig. 4.6a) starts with activating the bypass. In the poling step the voltage is increased with 0.1 Hz
up to the set poling field. After the field is applied for a defined poling time, it is removed with 0.1 Hz. The sequence
finishes with deactivating the bypass and tagging the label ’Poling Finished’ on the front panel of the LabView program
(Fig. 4.5). Then the program goes back to timeout where it waits for the next command.
For the switching/reference sequence (Fig. 4.6b) the bypass channel is always deactivated and depending on the type of
measurement (switching/ reference), the polarity channel is either activated or deactivated. In the first step, the buffer
capacitor is charged with a voltage that corresponds to the switching field. Therefore, the power channel is activated.
1 The maximum amount of data points that can be read out depends on the total amount of time for which the data is recorded. For example, a
measurement of 10 s allows a sample rate of 50000 samples/s, while a measurement of 1000 s is limited to 5000 samples/s. A recording on the
logarithmic time scale is not possible due to software issues.
4.2. Electric measurements 57
In the second step, the LabView program sets the parameters for the function generator1 and the oscilloscope2. The
measure channel is activated. When the measurement is started, the program continuously reads out the signals from
the measurement card and saves the data in a TDMS file, using the continuous sample mode. After a waiting time of 1 s,
the function generator sends a trigger pulse of 10 V3 for the switching time. This pulse simultaneously triggers the HV
transistor switch and the oscilloscope. The former provides the HV pulse to the sample, while the later starts data aquisition
with a very high time resolution. The data from the oscilloscope are read out after the measurement is finished and are
saved to the same TDMS file. In the next step, the oscilloscope is reset and the measurement channel is deactivated, which
short-circuits the measurement capacitor of the Sawyer-Tower circuit. The buffer capacitor is discharged by deactivating
the measure channel, which grounds the buffer capacitor. The program is waiting in the timeout for the next command.
Data analysis
A representative measurement for the switching and reference cycle is shown in Fig. 4.7a for the switching sequence and
Fig. 4.7b for the reference sequence. The blue datapoints represent the measurement on the fast time domain, while the
black data points represent the measurement on the slow time domain.
Figure 4.7.: Representative measurements of the electrical displacement and strain of a PZT sample during the a)
switching and b) reference sequence. The data points in blue represent the measurement done by the
oscilloscope on the fast time domain, while the datapoints in black represent the slow time domain measured
by the measurement card.
The electric response during the switching sequence (DSw, electric field applied opposite to the poling direction) contains
contributions from the switched polarization ∆P, the sample’s dielectric displacement Ddi, and the integrated leakage
current Dlkg [328]:
DSw =∆P + Ddi + Dlkg (4.6)
On the other hand, the reference sequence (DRe, electric field applied in the poling direction) only contains contributions
from the dielectric displacement and the integrated leakage current.
DRe = Ddi + Dlkg (4.7)
1 A pulse function with a DC offset of 2.5 V and an amplitude of 5 V is used. The burst mode is enabled and the burst count is set to 1. The
trigger source is ’software’ and the pulse width and period is set according to the pulse length. The output is switched on and the function
generator is waiting for the trigger from the LabView program in order to send the pulse.
2 The acquisition mode of the oscilloscope is ’continuous’. Each channel is set to ’DC’ and the measurement range for each channel is set
according to the expected voltage. All channels are calibrated to zero, except the strain channel, which is calibrated according to the recent
voltage value, which is read out from the displacement sensor. The record length was set to ’MAX’ and the time base and start time were set to
tb and a value smaller than tb/2, respectively. In most experiments a value of tb=0.0005 s was used. A positive ’edge’ trigger with a trigger
level of 1 V was used and the trigger channel is the channel coming from the function generator. Then the waveform acquisition is initialized
and the oscilloscope is waiting for the trigger input from the function generator.
3 Please note that due to the internal impedance of the HV Push Pull switch, the pulse is reduced to 5 V.
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If the time dependence of both contributions is known, the time-dependent switched polarization can be calculated by
subtracting both values for any time:
∆P (t) = DSw (t)− DRe (t) (4.8)
4.2.2 Bipolar measurements
For bipolar polarization and strain measurements using a triangular field, the same optical displacement sensor and a
measurement capacitor, as previously described, was used. The additional setup described here was used for simultaneous
measurement of small signal properties.
A commercial piezoelectric evaluation system (aix-ACCT Systems, Aachen, Germany) was used for the bipolar elec-
tromechanical measurements. Large signal measurements were performed with a bipolar triangular signal of 2 kV at a
frequency of 0.05 Hz. For the small signal permittivity, κ33, and piezoelectric coefficient, d33, measurements, a waveform
of 1 kHz and 10 V/mm was modulated on top of a base waveform of 2 kV/mm and 0.05 Hz.
4.3 In situ diffraction experiments
The experimental setup to simultaneously measure dynamic polarization, strain, and high-energy diffraction using HV
pulses is shown in Fig. 4.8.
Figure 4.8.: In situ diffraction experiments. Schematic representation of the setup to measure dynamic polarization,
strain, and structural changes simultaneously. Different azimuthal section with the azimuthal angle 	 are
shown at the detector image. Radially integrated diffraction intensities of a poled PZT sample at different
azimuthal angles are shown in the upper left.
In situ diffraction experiments were carried out at beamline ID15a of the European Synchrotron Radiation Facility
(ESRF) using a beam energy of 75 keV (16.5 pm wavelength) in transmission geometry. Further information about the
diffraction geometry can be found elsewhere. [333; 334] Diffraction intensities were collected using a Pilatus CdTe 2M
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area detector with a time resolution of 4 ms. The 5 V signal provided by the function generator (Fig. 4.2a) was split and
was used to trigger the detector. 3500 images were recorded for a pulse length of tSw=10 s in order to realize simultaneous
measurement of polarization, strain, and structure.
The diffraction image from the detector (Fig. 4.8) was corrected for dead pixels, beam stop shadow and image distortion.
For the latter a reference measurement was carried out using a CeO2 sample. The white areas in Fig. 4.8 are a result of
this correction and represent areas of zero intensity. The 36 azimuthal cakes were radially integrated in the 2θ range
from 2–9 °. The 36 azimuthal cakes are shown as a function of 2θ in Fig. 4.9a. The different azimuthal cakes contain
information of domains oriented with their polar axis at an angle Ψ to the electric field. The material investigated by
high-energy diffraction was a tetragonal PIC151. Therefore, the (111) peak contains information on the lattice strain, "111,
while the (200) peak contains information on the domain switching fraction, η200. In a tetragonal material the (111) peak
is a singlet, while the (200) peak is a doublet.
Figure 4.9.: Diffraction data analysis. a) Radially integrated diffraction data for the 36 different azimuthal angles Ψ of
a poled PIC151 material. The schematic fitting is shown for a b) (111) and a c) (200) peak using Gaussian
functions.
In the next step, the intensity profiles of the (111) and (200) peak were fitted using Gaussian functions. For the intensity
of the (111) peak a single Gaussian function was used.
I(x) = d + e · x + a · (g1/c)exp
  −g2 ·  (x − b)2 /c2
x = 2θ
(4.9)
For the intensity of the (200) peak a double Gaußian function was used.
I(x) = d + e · x + a · (g1/c)exp
  −g2 ·  (x − b)2 /c2+ f · (g1/c)exp   −g2 ·  (x − (b+ g))2 /c2
x = 2θ
(4.10)
60 4. Materials and methods
The parameters a, b, c, d, e, f, and g are fitting parameters, while g1 and g2 are defined as follows.
g1 = 2
√√ ln2
pi
g2 = 4 ln2
(4.11)
The fitting procedure is schematically shown in Fig. 4.9b and c for a (111) and a (200) peak, respectively. The position
of the (111) peak and the intensity of the (200) peaks are important for further analysis. In this context, the fitting
parameter b = θ111 (Eqn. 4.9) represents the position of the (111) peak, while the fitting parameters a = I002 and f = I200
(Eqn. 4.10) correspond to the intensity of the (002) and (200) peaks, respectively. The volume fraction of domains with
their polar axis for any azimuthal angle is given by:
Ξ002 (Ψ) =
I002
I ′200
I002
I ′002
+ 2

I200
I ′002
 (4.12)
Here, Ihkl represents the intensity of the respective hkl peak, while I’hkl represents the intensity in a virgin unpoled sample.
The domain switching fraction with respect to a virgin sample can be calculated as [335]
η002 (Ψ) = Ξ002 (Ψ)− 13 . (4.13)
The lattice strain was calculated with respect to a virgin sample as [336]1
"111 = −
 
θ111 − θ ′111
 · cot (θ111). (4.14)
Here, "111 represents the 2θ position of the (111) peak, while θ ’111 represents the peak position in a virgin sample.
4.4 Piezoresponse Force Microscopy
PFM was used to study the domain structure of a poled sample. In addition, PFM was applied in order to investigate the
influence of grain size on domain configuration and size.
4.4.1 Poled samples
Sample preparation
Platinum electrodes were sputtered on round PIC151 samples. A diamond saw was used to cut a 1x1x10mm3 bar-shaped
sample. The surface perpendicular to the electrodes was prepared for PFM measurements. After grinding, they were
polished to 0.25m (DP-Paste M, Struers, Ballerup, Denmark) and subsequently colloidal silica with particle sizes below
50 nm (Master Prep, Buehler, Lake Bluff, IL, USA) for 5 seconds was used to ensure slight etching of the grain boundaries.
The sample was annealed to release any mechanical stresses at 500 °C for one hour with a cooling rate of 0.5 °C/min. In
the next step, the sample was cycled 20 times at a frequency of 0.5 Hz at 3 kV/mm, followed by poling with 3 kV/mm at a
frequency of 0.1 Hz.
Prior to measurement in the PFM the surface of the sample was cleaned by acetone at room temperature to remove the
dust on the surface of the sample.
PFM measurements
The domain structure was studied by the Scanning Probe Microscope MFP-3DTM (Oxford Instruments, Abingdon, United
Kingdom)2. The surface of the sample was scanned with a sharp tip, coated with W2C (HA_NC/W2C+, NT-MDT Spectrum
Instruments, Moscow, Russia), acting as a top electrode. The sample was grounded via the bottom electrode. An AC wave
1 Please note that the angles θ111 and θ ’111 are inserted with the unit rad into the equation.
2 The equipment of the Ural Center for Shared Use of Nanotechnology, Ural Federal University was used.
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of 7 V amplitude was applied with a frequency of 21 kHz (single frequency mode) and an area of 30x30m2 was scanned.
The application of an electric signal causes a local oscillation of the sample due to the converse piezoelectric effect, which
can be detected as amplitude ι and phase shift Φ. The vertical displacement of the material is referred to as out-of-plane
PFM signal, while the shear deformation contributes to the in-plane signal. The results of the measurement are displayed
as
x = ι · cos (Φ) (4.15)
and
y = ι · sin (Φ) , (4.16)
shown in Fig. 4.10a. Background-free data would solely lie on the y axis, while the x-part can be considered as mainly
originating from background and noise. [337] The PFM data is corrected by mathematical translation and rotation of the
data, as indicated by the arrows in Fig. 4.10a, and the corrected data is presented in Fig. 4.10b. The ι sin (Φ) image after
correction is shown in Fig. 4.10c, while the ι cos (Φ) image, which contains almost no image information, is displayed in
Fig. 4.10d.
Figure 4.10.: PFM data analysis. The PFM data represented in a xy graph a) before and b) after offset and background
correction. The arrows indicate the mathematical translation and rotation of the data. c) ι sin (Φ) image after
subtraction and alignment of the data. d) ι cos (Φ) image after correction, which mainly contains noise and
almost no image information.
4.4.2 Domain size
Sample preparation
After grinding, the samples for the domain size investigations were polished with diamond abrasive from to 0.25m
(DP-Paste M, Struers, Ballerup, Denmark) surface finish. Fine polishing was done by colloidal silica with particle sizes
below 50 nm (Master Prep, Buehler, Lake Bluff, IL, USA) for 1.5 h. Before the image collections the samples were cleaned
in distilled water.
PFM measurements
The topography and the PFM images were recorded with an atomic force microscope (Asylum Research, Molecular Force
Probe 3D, Santa Barbara, CA, USA)1. Electric field was applied between a conductive PFM tip and the bottom electrode,
which was electroded with conductive silver paste. Ti/Ir-coated Si tips (Asyelec-01, AtomicForce F&E GmbH, Mannheim,
Germany) with a radius of curvature ≈28 nm were used. The PFM out-of-plane amplitude images were scanned in a PFM
Dual AC Resonance Tracking mode at 4–8 V and a frequency of ≈300 kHz.
In all samples the scanned AC amplitude was 2/3 of the voltage required for local domain switching, determined from
local hysteresis loops measured in the switching spectroscopy mode. The waveform parameters were: increasing step
signal (maximum amplitude of 35 V and frequency of 0.2 Hz) with an overlapping sinusoidal signal (4 V and 20 Hz).
1 Ass. Prof. Dr. Hana Uršicˇ is acknowledged for providing the PFM images.
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4.5 Landau free energy analysis
The Gibbs free energy ∆G of a single ferroelectric domain can be expressed as an expansion in terms of the polarization
components P1, P2, and P3 [40] (extending Eqn. 2.5):
∆G (P1, P2, P3) = α1
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(4.17)
Here αi, αij, and αijk are the dielectric stiffness coefficients at constant stress, sij are the elastic compliances, Qij are the
electrostrictive constants, and σi are the stress components in Voigt notation. In this notation, the components of the
symmetric stress tensor can be expressed as
σ =
 σ1 σ6 σ5σ2 σ4
sym σ3
 . (4.18)
The electric field E is applied parallel to direction 3.
In this work, two dimensional representations of Eqn. 4.17 were used in order to reduce the number of necessary
parameters and to limit the complexity. Therefore, the allowable polarization directions were limited to one representative
plane. For the tetragonal case P2 = 0, while for the rhombohedral case P1 = P2 6= 0 was used. [338] The representative
plane of interest for the two dimensional Landau representations are displayed in Fig. 4.11a and Fig. 4.11b for a tetragonal
and rhombohedral crystal structure, respectively. Within this plane both 180° and non-180° switching processes can be
described.
Figure 4.11.: Two dimensional pseudocubic Landau representations for a a) tetragonal and b) rhombohedral crystal
structure. The blue dots represent the stable variants of the tetragonal and rhombohedral phases, while the
plane of interest for the two dimensional Landau representation is highlighted.
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Dielectric stiffness coefficients, elastic compliance, and electrostrictive constants given in Ref. [41], which are based on
reports by Haun et al. [40], were used. The values for rhombohedral Pb(Zr0.7Ti0.3)O3 and tetragonal Pb(Zr0.4Ti0.6)O3 at
room temperature are summarized in Tab. 4.1.
Table 4.1.: Landau coefficients for a rhombohedral (Pb(Zr0.7Ti0.3)O3) and tetragonal (Pb(Zr0.4Ti0.6)O3) crystal structure.
Calculated from Ref. [41].
Coefficient Tetragonal Rhombohedral Units
α1 -8.87 -8.78 10
7 m2N/C2
α11 3.61 2.23 10
7 m6N/C4
α12 3.23 1.69 10
8 m6N/C4
α111 1.86 3.56 10
8 m10N/C6
α112 8.50 15.27 10
8 m10N/C6
α113 -4.06 -7.05 10
9 m9N/C6
s11 8.6 8.8 10
-12 m2/N
s12 -2.8 -2.9 10
-12 m2/N
s44 21.2 24.6 10
-12 m2/N
Q11 8.12 6.17 10
-2 m4/C2
Q12 0.27 -0.68 10
-2 m4/C2
Q44 3.36 2.76 10
-2 m4/C2
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5 Results and discussion
5.1 Sequence of polarization reversal mechanisms in polycrystalline ferroelectric/ferroelastic materials1
Perhaps the best evidence for the complexity of the polarization reversal process in polycrystalline materials is the absence
of a complete sequential mechanistic description of the process on the domain level. As outlined in detail in Sec. 2.3.2,
previous experimental reports shed light on different parts of the sequence; however, they fail to capture the process as a
whole. In addition, different experimental reports disagree on important aspects of the process. Some publications suggest
that polarization reversal occurs by two successive non-180° events [120; 122; 124], other experiments predominantly
find 180° events [125; 126] or even exclusively one single 180° event [127; 290]. While all the works focus on the mea-
surement of the time/field dependence of a single parameter, typically polarization, a deeper understanding of the process
can be achieved if the time/field dependence of various parameters, i.e., polarization and strain, is measured simultaneously.
In this section a mechanistic understanding of the polarization reversal process is derived. Novel simultaneous time-
dependent measurements of macroscopic polarization and strain dynamics, as well as microscopic domain switching
fraction and lattice strain, are presented and analyzed for a commercial PZT material with a tetragonal crystal structure.
The complex interplay between electric and mechanical fields is revealed by Landau energy calculations. In the end, a
schematic sequence of the polarization reversal process is presented.
5.1.1 Bipolar hysteresis measurements
Polarization reversal is often investigated by analyzing the electric field dependence of various parameters. Representative
large signal polarization and strain of a bipolar hysteresis loop are depicted in Fig. 5.1a, while changes in small-signal
dielectric permittivity and piezoelectric coefficient are displayed in Fig. 5.1b. Fig. 5.1c magnifies part of the positive
branches and characteristic properties are highlighted as vertical lines.
The coercive field, obtained from polarization loops, represents a field at which the polarization is zero. [25] Here, the
piezoelectric response is absent. This is manifested by the coincidence of the coercive field obtained from polarization
loops and the coercive field obtained from small signal d33 loops (for these the coercive field is the field at which d33=0,
EPC = E
d33
C =1.07 kV/mm). The coercive field is also defined as the field, at which the negative strain is maximized. [1] The
coercive field obtained from the bipolar strain loops (ESC=0.99 kV/mm), however, is lower compared to the coercive field
obtained from the polarization loops. ESC is sometimes considered as to the start of the switching process. [1] However, as
evidenced by the maximum of negative strain, a considerable amount of non-180° domain wall motion must already be in
progress at ESC . None of these characteristic fields coincides with the maximum of the dielectric permittivity, which peaks
at a lower field, Eκ
max
33 =0.84 kV/mm. These differences between the different characteristic fields cannot be described by
the existing knowledge on switching mechanics.
In the following, time-dependent dynamic measurements will be utilized to reveal the mechanisms of the polarization
reversal process. Compared to field-dependent loops, measurements with a constant electric field allow to reveal individual
events on a broad time scale. Additionally, activation fields can be determined, if measurements are carried out for a broad
range of fields.
5.1.2 Dynamic measurements
The time dependences of the following parameters, characterizing the switching process on a macroscopic and microscopic
level, are measured simultaneously: switched macroscopic polarization (Fig. 5.1d), macroscopic strain (Fig. 5.1e), domain
switching fraction (Fig. 5.1f), and lattice strain (Fig. 5.1g). Measurements were performed at various electric field pulses
of height ESw.
1 Part of this section was published previously in [339].
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Figure 5.1.: Electromechanical and structural data. a–c) Bipolar large signal polarization, strain, small signal piezoelectric
coefficient, and small signal dielectric permittivity measured as a function of the electric field. The frequency
of the large signal wave form was 0.05 Hz. The shaded area in a) and b) for the positive branch of the electric
field signal is highlighted in c). The dashed vertical lines in c) mark the characteristic coercive field values for
the respective curves. d–g) Simultaneous dynamic measurements under HV pulses with different amplitudes:
d) switched polarization, e) the macroscopic strain of the sample, f) the domain switching fraction, and g)
lattice strain. The data for f) and g) were taken from an azimuthal section, which represents grains with their
polarization vector parallel to the applied electric field. The dashed line in d–g) indicates the value of a virgin
material, while the solid line that of a material after poling.
The time-dependent polarization curves contain information from all switching events, i.e., ferroelectric 180° and
ferroelectric/ferroelastic non-180° processes. As shown in Fig. 5.1d, the ∆P(t) curves exhibit the expected broad step-like
behavior on the logarithmic time scale. On the contrary, the strain curves (Fig. 5.1e), the lattice strain (Fig. 5.1f),
and the non-180° domain switching fraction (Fig. 5.1g),1 mainly contain contributions from ferroelectric/ferroelastic
non-180° events. Besides non-180° events, the piezoelectric effect contributes to the former two.
1 As the investigated material is tetragonal, the (200) intensity ratio allows to determine the ferroelectric/ferroelastic domain switching, while
the lattice strain is most pronounced in the (111) peak position. [172]
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As displayed in Fig. 5.1e, the negative strain is first linearly increasing on the logarithmic time scale. It can be observed
that the slope increases with applied electric field. The initial increase of negative strain is accompanied by a rather
small increase in polarization (Fig. 5.1d). This initial step ends after a field-dependent critical time is reached (time at
which the negative strain of the sample is maximized, Fig. 5.1e). In the following, the negative strain decreases, which is
accompanied by a large increase in polarization (Fig. 5.1d), before both curves saturate. Note that for the measurements
with lower electric fields in Fig. 5.1d–g the two latter stages are only partially visible or completely absent within the
investigated time period of 10 s, but would appear at longer measurement times.
5.1.3 Mechanisms of polarization reversal
Based on the time-dependent measurements in Fig. 5.1d–g, a sequence of switching events can be established. This is
featured schematically in Fig. 5.2. Three different regimes can be distinguished: 1) Non-180° domain wall movement, 2)
main switching phase, and 3) creep-like domain wall movement. Individual regimes will be described in detail below.
Figure 5.2.: Mechanisms of polarization reversal in polycrystalline ceramic materials. Schematic material’s switched
polarization and strain response to a HV pulse. The schematic domain images display the sequence of the
polarization reversal mechanisms for a grain with a polarization vector oriented antiparallel to the applied
electric field. The starting poled state (0) and the three distinguishable regimes of the dynamic response are
highlighted: 1) initial non-180° domain wall movement, 2) main switching phase by a) nucleation and sidewise
growth of 180° domain walls and b) strain-free 180° polariaztion reversal by a nucleated non-180° domain wall,
which is moving through the grain, and 3) creep-like domain wall movement. The small triangular arrows mark
the stress exerted on domain walls, which arise by electric (σE ) and mechanical (σM ) fields.
5.1. Sequence of polarization reversal mechanisms in polycrystalline ferroelectric/ferroelastic materials 67
Poled state
Since ferroelectric switching is strongly linked to the response of the material’s domain structure to an electric field, it is
mandatory to know the domain structure in the starting state of the measurement, i.e., the poled state (0 in Fig. 5.2),
before the electric field is switched on. PFM images of a poled PIC151 sample are presented in Fig. 5.3. Different types of
domain boundaries can be identified in the PFM images according to the shape of their walls. As recently demonstrated by
3D vector PFM, 180° domain walls mostly appear as curvy lines [340], also known as watermarks. This indicates that the
straight lines, which represent the major part of the observable domain wall features in Fig. 5.3, can mainly be identified
as non-180° domain walls.
The large amount of non-180° domain walls is formed to compensate the high lattice strains after electric poling
(Fig. 5.1g) and is a direct consequence of a four times lower domain wall energy of non-180° domain walls, as compared to
180° domain walls [61]. In accordance, mainly non-180° domain walls in a tetragonal PZT-based material were identified
after poling using optical microscopy [129], in agreement to various other reports [341–344]. In comparison, in a unpoled
virgin sample, the domain structure mainly consists of 180° domain walls. [345]
Figure 5.3.: Characterization of the poled state by PFM. a) In-plane and b) out-of-plane PFM image (ι sinφ representation)
of a PIC151 sample after electric poling, representing the poled state (0 in Fig. 5.2). As recently investigated by
3D vector PFM on the same material system, the straight domain walls are non-180° domain walls, while the
curvy domain walls are 180° domain walls. [340]
Regime 1: Initial non-180° domain wall movement
The electric field in Fig. 5.2 is applied anti-parallel to the polarization direction. This results in an initial rapid shrinkage
of the poled sample due to the converse piezoelectric effect, which cannot be resolved in our measurements due to the
limited time resolution of the measurement system. The observed linear increase of negative strain (Fig. 5.1e) is a result
of non-180° domain wall movement [335] and lattice strains, which originate from grain-to-grain coupling. [172] In the
initial regime, the electric field generates a constant stress on the non-180° domain walls (σE in regime 1 in Fig. 5.2),
which initiates their movement. [134] As suggested by Krüger, Gerthsen, and Schmidt [132–134], no nucleation step is
required for this process, because small misaligned nuclei are already present after poling and polarization reversal can
start from here.
High lattice strain and high domain switching fraction after electric poling can be explained adopting the approach of
Hall et al. [172], which is based on the Eshelby method [171]. This approach is described in detail in Fig. 2.14d–f. Poling
a grain of a polycrystalline ceramic induces a high domain switching fraction. Consequently, the elastic matrix, which is
compensating the shape change, gets strained as well. The corresponding stresses act as an auxiliary mechanical force
(σM in Fig. 5.2) for non-180° domain wall movement and tend to bring the non-180° domain walls back to a more stable
position. Here, the approach of Daniels et al. is followed, who related the rapid first non-180° switching step in their
model to large internal residual strains inside the material. [124] Non-180° domain wall movement and decreasing lattice
strains macroscopically result in a linear increase of the negative strain (Fig. 5.1e) on the logarithmic time scale. Physically,
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a linear-log(t) behavior is an interesting phenomenon. In the context of ferroelectric materials, a linear-log(t) relaxation of
the dielectric permittivity was reported, which was related to the movement of domain walls to more stable positions with-
out external stimulation [346; 347], a phenomenon known as aging [348]. In a purely ferroelastic LaAlO3 model system, a
linear-log(t) was rationalized by a Gaussian distribution of activation energies for motion of ferroelastic domain walls. [349]
The interaction between electric and mechanical fields in the initial non-180° domain wall movement (regime 1 in
Fig. 5.2) is revealed in more details by Landau energy landscapes, displayed in Fig. 5.4. The energy landscape for a
tetragonal PZT material without electric or mechanical fields is displayed in Fig. 5.4a. The stable position of the tetragonal
states, which are energetically equal for this configuration due to fourfold symmetry reasons, are highlighted by white
dots. A significant internal mechanical stress σM1 (Fig. 2.14f), which is present right after the poling process (Fig. 5.1f),
energetically favors a stable position of the tetragonal state T2. The polarization reversal process to achieve state T2 occurs
over the path T1→T2 (Fig. 5.4d), which is realized by non-180° domain wall movement on the domain level (regime 1 in
Fig. 5.2). This consequently reduces the grain-to-grain clamping [172], which again decreases the internal strains (Fig. 5.1f
and g). With the resulting reduced auxiliary forces, also the driving force for the movement of the non-180° domain
walls decreases, slowing down the movement of the non-180° domain walls throughout regime 1. Reduced mechanical
constraints on the vibration of the domain walls is also manifested by the linear increase of the dielectric permittivity with
electric field in the electric field range of 0–0.84 kV/mm (Fig. 5.1b).
Figure 5.4.: Landau energy landscapes displaying, that the transition from regime 1 (non-180° domain wall movement)
to regime 2 (main switching phase) is governed by a complex interplay of electric and mechanical fields.
a) Landau energy landscape for a tetragonal PZT without applied electric or mechanical fields. The stable
positions of tetragonal states are highlighted by the white dots. b) Schematically explains the action of an
electric field pulse and mechanical stress (Fig. 2.14f) on a poled ferroelectric domain during the initial non-
180° domain wall movement (regime 1 in Fig. 5.2). In the following figures d), e), and f) the energy landscapes
for different mechanical stress states σM1 >σM2 >σM3 are revealed, while the electric field is kept constant
for all energy landscapes. The influence of decreasing mechanical stress on the non-180° path T1→T2→T3 is
summarized in c) for a constant electric field. Here, the arrows ↑ and ↓ indicate the influence of decreasing
mechanical stress σM↓ on the position of the tetragonal states T2 and T3. The position of the tetragonal
state T2, shown in d), is energetically favored for the highest mechanical stress σM1 , while the position of the
tetragonal state T3, shown in f), is more stable for the smallest mechanical stress σM3 . The medium stress
state σM2 represents the critical stress state for the transition from regime 1 (path T1→T2, non-180° domain
wall movement) to regime 2 (path T1→T2→T3 or path T1→T3, main switching phase): as shown in the energy
landscape in e), at the stress state σM2 , the tetragonal states T2 and T3 are in equilibrium.
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Regime 1 ends at a characteristic value of negative strain, Sneg=-0.24 %, and switched polarization, ∆P=16C/cm
2.
The switched polarization in regime 1 accounts to 26 % of the total switched polarization during the entire process of
polarization reversal.
The discrepancy between reported models, which consider solely non-180° events or a single 180° event, and experi-
mental results is highlighted in Fig. 5.5. A schematic polarization and strain dynamic measurement for successive purely
non-180° domain switching, where the two events are clearly separated, is displayed in Fig. 5.5a. The situation for a
purely 180° event is revealed in Fig. 5.5b. None of these scenarios can conclusively explain the experimental observation
shown in Fig. 5.1d and e and Fig. 5.2. For the schematic curves displayed in Fig. 5.5a the time required for reaching 50%
of the switched polarization coincides with the time at which the maximum negative strain is obtained (dashed line).
This is contradictory to our experimental findings, where only 26% of polarization reversal occurs by the time when the
maximum negative strain is reached, i.e., by the first non-180° event (regime 1 in Fig. 5.2). On the other hand, only the
piezoelectric effect should contribute to the negative strain for the case of a single 180° event (Fig. 5.5b), which does not
explain the substantial negative strain observed in our experiments. This indicates, that both 180° and non-180° events
contribute to the polarization reversal process in polycrystalline ferroelectric materials.
Figure 5.5.: Schematic curves of simultaneous polarization and strain dynamics for polarization reversal, which occurs
solely by a) non-180° events or by b) a single 180° event. The vertical dashed line indicates the time when
the maximum in negative strain is reached. The dotted horizontal lines indicate the zero value of polarization
and strain, while the dashed horizontal line displays the maximum switchable polarization.
Regime 2: Main switching phase
At the end of regime 1, a critical state is reached within the grains, defined by the interplay between local mechanical and
electric fields. This critical state triggers the main switching phase (regime 2 in Fig. 5.2). In the context of the bipolar
measurements (Fig. 5.1a–c), the coercive field obtained from strain loops can be seen as the transition from regime 1 to
regime 2, while the coercive field obtained from polarization loops defines the main switching phase. The transition from
regime 1 to regime 2 can be explained if Landau energy landscapes for the respective regimes are considered (Fig. 5.4).
For a certain mechanical stress state, σM2 , the position of tetragonal states T2 and T3 are in equilibrium and polarization
reversal can occur over the following paths: T1→T3, T1→T2, or T1→T2→T3. This situation is visualized in Fig. 5.4e. If
the mechanical stress state is further decreased to σM3 (Fig. 5.4f), the position of the tetragonal state T3 is energetically
more favorable than any other tetragonal state and polarization reversal will most likely occur over the paths T1→T3 or
T1→T2→T3, whereby the material enters the main switching phase (regime 2 in Fig. 5.2). The influence of mechanical
stress state σM on the path T1→T2→T3 is depicted in Fig. 5.4c.
The main switching phase is characterized by a reversal of the polarization, which accounts for 64% (Fig. 5.1d) of
the total switched polarization, accompanied by a decrease of the negative strain and extension of the sample in the
direction of the electric field. Even higher values of switched polarization (>90%) in this regime have recently been
reported for simultaneous measurement of displacement and charge in a PZT thin film. [350] The polarization reversal
in the main switching phase can occur by two different scenarios, which are presented in Fig. 5.2a and b. In the first
scenario, polarization reversal occurs by a nucleation and growth process of antiparallel 180° domains, followed by
sidewise domain wall motion (Fig. 5.2a). [351] This scenario is based on the switching behavior commonly observed in
single crystalline systems [106], schematically displayed in Fig. 2.11. In this scenario, the nucleation of the antiparallel
180° domains probably occurs correlated over the lamellar domain structure of a grain. According to the second scenario,
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polarization reversal can occur by synchronized non-180°domain switching (Fig. 5.2b). This process requires the nucleation
of a non-180° domain wall, which moves through the lamellar domain structure of a grain. [18; 128] This scenario is
schematically displayed in Fig. 2.13e. Since low elastic forces are involved in its motion, this non-180° domain wall type
is highly mobile. Due to the synchronization of several non-180° events in a lamellar domain structure, this scenario
appears as a 180° switching event, since it does not change the strain of a grain, but only its polarization. Locally, however,
the polarization is reversed by non-180°. Based on the experimental results, however, it is not possible to distinguish if
polarization reversal in the main switching phase happens by 180° (Fig. 5.2a) or by synchronized non-180° switching
events (Fig. 5.2b).
Recent diffraction experiments indicate that polarization reversal mainly occurs by 180° switching events. For example,
Fancher et al. found that 180° domain wall motion accounts for >80% of the polarization reversal in PZT and BT-based
materials, and is thus the dominant mechanism. [125] In accordance, Gorfman et al. recently suggested that polarization
reversal in BT-based material occurs most likely by 180° domain wall motion. [126]
However, microstructural arguments indicate that mainly non-180° domains should be involved in the polariaztion
reversal process in the main switching phase. The Peierls barrier for the movement of non-180°domain walls is lower
compared to 180° domain walls. [61; 62] A detailed discussion is given in Sec. 2.2.2 and values for the Peierls barrier of BT
and PZT systems are provided. In addition, crystallographic arguments suggest polarization reversal by non-180° events.
Kubel and Schmid calculated the movement of iron and oxygen for different switching angles in BiFeO3. While the
largest displacement value of 1.34 Å was found for 180°, smaller values of 0.87 Å and 1.12 Å could be identified for
60° and 120° switching, respectively. [352] Similar values were previously presented by Ng and McDonald for a PZT
material. [353] Both authors concluded that due to larger atomic displacement values for 180° polarization reversal,
switching by non-180° should be favorable based on crystallographic arguments. Tadmor et al. developed a continuum
constitutive model for PbTiO3. [354] Based on this, the activation fields for 180° and non-180° switching could be revealed.
An activation field of 52 kV/mm was found for non-180° switching, which is by a factor of three smaller than the calculated
activation field for 180° switching.
Even though the current measurement techniques are not adequate to give a final answer to the question about the
exact mechanism of polarization reversal during the main switching phase, a combination of 180° and non-180° switching
events seems likely for polycrystalline ferroelectric materials.
The macroscopically observed expansion of the sample in the direction of the electric field in regime 2 occurs due to
the converse piezeolectric effect and the movement of ferroelastic domain walls, as indicated by the increased domain
switching fraction (Fig. 5.1f). Towards the end of this regime, a saturated poled state is approached and mechanical
stresses are building up. This is evidenced by the increase in lattice strain during the main switching phase, as displayed in
Fig. 5.1g.
Regime 3: Creep-like domain wall movement
At the end of the main switching phase, the majority of domains has reversed and the material enters regime 3 (creep-like
domain wall movement in Fig. 5.2). The electric field is here parallel to the polarization vector. In this regime about 10%
(Fig. 5.1d) of the polarization reversal occurs and the polarization and strain values monotonically increase at a decreasing
rate. The shape of the curves in regime 3 resembles time-dependent measurements of polarization [355] and strain [356]
in poled polycrystalline ceramic materials with the electric field applied in the direction of poling, a phenomenon called
electric creep. The strain and polarization rate decay during electric creep were related to polarization hardening, which
was explained by increased internal depolarization fields and mechanical stresses. [357]
While a saturation of polarization and strain with time is usually observed for lead-containing ferroelectric/ferroelastic
polycrystalline ceramic materials [100; 290], fatigued [358] and lead-free materials [182; 202; 203] do not exhibit a
saturation in regime 3. For highly fatigued materials, the transition between regime 2 and regime 3 smears out and
individual regimes cannot be separated any longer [291], which was related to mechanical degradation, domain wall
pinning and the creation of a dead layer [359].
5.1.4 Activation fields
Activation fields for the individual regimes can be determined, if field-dependent characteristic parameters, describing
the individual physical processes, are known. For non-180° domain wall movement (regime 1 in Fig. 5.2), this is
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the time at which 50% of the maximum negative strain is reached, while for the main switching phase (regime 2 in
Fig. 5.2), this is taken as the time where 50% of the maximum switchable polarization is reversed. Finally, for the
creep-like domain wall movement (regime 3 in Fig. 5.2), the time is plotted, at which 90% of the maximum switchable
polarization is reversed. The dependence of these parameters on the inverse applied electric pulse field is plotted in Fig. 5.6.
In order to describe the field-dependent domain wall velocity, the Merz law, Eqn. 2.9 [13], can be applied. After
rearrangement, the field-dependent switching time can be expressed as
τ= τ0 exp(Ea/ESw). (5.1)
The fits according to the Merz law in Fig. 5.6 show an excellent agreement to the experimental data and allow to determine
the activation fields for the individual regimes, which are summarized in Tab. 5.1. It has to be taken into account that
Merz suggested the aforementioned equation for the field-induced movement of 180° domain walls in single crystalline
materials, in which the local electric field distribution is homogeneous. Instead, in polycrystalline materials the local
electric field distribution is inhomogeneous as a direct result of their polycrystalline nature. [177; 178] Therefore, the
determined activation fields represent an averaged value over all crystallographic orientations.
According to Tab. 5.1 the activation field for the initial non-180° domain wall movement is 36% lower compared to the
activation field for the main switching phase. This observation reflects the support of the mechanical auxiliary forces, as
well as the presence of nuclei in the poled state. On the contrary, both scenarios during the main switching phase (regime
2 in Fig. 5.2) require a nucleation process and the mechanical stress is acting against the moving domain walls [360]. In
addition, internal electric fields in regime 2 should be broader distributed as compared to regime 1. [140] The activation
fields for the creep-like domain wall movement and for the main switching phase exhibit a similar value.
It is important to note that the activation fields should be considered as time averaged over the entire respective regime
of Fig. 5.2. For example, the activation field for the non-180° domain wall movement will increase with progressive
movement of the domain walls [361], since the mechanically auxiliary forces decrease continuously within this regime. At
some point, the activation fields for the main switching phase and the initial non-180° domain wall movement will be
similar and the main switching phase will be triggered.
Figure 5.6.: Field-dependent switching times, plotted as a function of the inverse applied electric pulse fields, for the
different regimes marked. 1) non-180° domain wall movement (determined from S(t) curves (Fig. 5.1e); time
where 50 % of the maximum negative strain is reached), 2) main switching phase (determined from ∆P(t)
curves (Fig. 5.1d); time where 50 % of the polarization is reversed), and 3) creep-like domain wall movement
regime (determined from∆P(t) curves (Fig. 5.1d); time where 90 % of the polarization is reversed). The dashed
lines in the figure represent a fit to the data points according to the Merz law.
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Table 5.1.: Activation fields for different regimes, revealed by fitting the Merz relation [13] to field-dependent switch-
ing times (Fig. 5.6). The arrow bars represent the standard deviation obtained from fitting by the least square
method.
Regime Name of regime Ea (kV/mm)
1 Non-180° domain wall movement 19.2±0.8
2 Main switching phase 29.8±0.3
3 Creep-like domain wall movement 29.4±0.5
5.1.5 Mechanical grain interactions
While it is clear that the switching behavior of polycrystalline materials is strongly influenced by the coupling of individual
grains, the state of the art description of these correlations is only given on a theoretical level [143–145] or by localized
measurements [162–165; 167]. A detailed description of the literature can be found in Sec. 2.3.2. The drawback of
theoretical calculations is that mostly only electric correlations, which arise due to depolarization fields, are considered,
while the localized measurements are surface sensitive and thus do not represent the internal material’s properties
(different boundary conditions). Here, an experimental approach is presented which gives statistical information on
grains with their polarization axis oriented within a certain azimuthal angular range (Fig. 4.8) with respect to the
direction of the applied electric field. In Fig. 5.7a and b the time evolution of the (002) and (111) diffraction peaks upon
the application of a step HV electric field is displayed for three different orientations: parallel (Ψ=0°), perpendicular
(Ψ=90°), and at an intermediate angle (Ψ=50°) to the applied electric field. Clearly, a change in the (002) peak in-
tensities and (111) peak positions can be observed with time for the former two, while the latter remains nearly unchanged.
In Fig. 5.7c and d, the time-dependent domain switching fraction, and lattice strain, at various angles to the direction of
the applied electric field are revealed and compared to the poled state, which is represented by the respective solid lines.
Two important observations can be obtained from these results. Firstly, even though the grains have a different
orientation with respect to the applied electric field, their shrinkage and expansion are strongly correlated in time. This is
evidenced by the fact that all orientations have their minima/maxima in domain switching fraction, and lattice strain at
the same characteristic time. This time represents the transition from regime 1 to regime 2 (Fig. 5.2), which thus occurs
correlated in grains independent of their orientation to the applied electric field. This is an important finding, since all
state of the art statistical models assume that switching in polycrystalline materials occurs uncorrelated in individual
grains. [290]
Secondly, while only one grain was considered to describe the mechanism of polarization reversal in Fig. 5.2, real
polycrystalline materials consist of many grains. The local electric field acting on a domain wall of a grain, σE, is a
projection of the external electric field in the respective crystallographic direction of the domain. [177; 178] Therefore, the
domain wall velocity is highest for favorably-oriented domains (Ψ=0°), while the velocity continuously decreases as the
angle Ψ is decreasing. Finally, no change in domain wall velocity can be observed for an angle Ψ=50°. This is evidenced by
the slope in the η002(t) curves in Fig. 5.7c, which has the highest value for favorably oriented grains (Ψ=0°), while it does
not change for unfavorably oriented grains (Ψ=50°). Therefore, in agreement to previous suggestions about correlations
between electric field and domain wall velocity [177; 178], the crystallographic orientation of a grain determines the
domain wall stress, σE, which results in a movement of the domain wall with a constant velocity. It is important to
note that prior theoretical models consider the interplay between local electric field and domain wall velocity as the
sole reason for the broadening of the distribution of switching times in polycrystalline materials. [290] Instead, Fig. 5.7c
proves that the velocity of the domain wall is set by the crystallographic orientation of a grain with respect to the electric
field. It should be noted that the velocity will be additionally influenced by various defects (grain boundaries, pores, and
dislocation), lattice distortion, crystallographic structure, and chemical composition. A detailed description of literature on
parameters, which influence the domain wall velocity, is given in Sec. 2.4. The velocity of the domain in the polycrystalline
material will finally be determined by a complicated interplay between these effects. This is important, because this
interplay will determine the shape of the polarization loop, which is the fingerprint of the ferroelectric material.
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Figure 5.7.: Mechanical grain interactions. Time-dependent diffraction intensities of a) (200) and b) (111) diffraction
profiles during a HV pulse switching experiment for an applied electric field of E Sw=1.034 kV/mm. The
diffraction profiles contain information of grains with their polarization vector parallel (Ψ=0°), perpendicular
(Ψ=90°), and at an intermediate angle (Ψ=50°) to the direction of the applied electric field. The calculated
values of the domain switching fractions and the lattice strains of grains with their polarization vector at
different azimuthal angles to the applied electric field, are displayed for different fields in c) and d), respectively.
The solid lines indicate the respective values after poling, while the dashed lines mark the values of a virgin
sample.
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5.2 Influence of crystal- and microstructure on polarization reversal
Influence of the crystal structure on polarization reversal was studied in a series of La-modified PZT compositions, while
the influence of the grain size was investigated in a series of rhombohedral PZT samples with a range of grain sizes.
Influence of the crystallographic texturing on polarization reversal was studied on tetragonal Ba0.85Ca0.15TiO3 (BCT15)
samples with different degrees of crystallographic texture.
5.2.1 Influence of crystal structure
Crystallographic analysis
The investigated samples are polycrystalline Pb0.985La0.01(Zr1-xTix)O3 ceramics with different Zr/Ti ratios. Respective XRD
profiles for the compositions are shown in Fig. 5.8. The x=0.46 sample is located at the morphotropic phase boundary
(MPB) and exhibits a coexistence of rhombohedral and tetragonal phases. The x=0.475 and x=0.5 samples are on the
tetragonal (T) side , manifested by the split in the (200) peak, while the (111) peak is a singlet. The x=0.44 and x=0.4
samples are on the rhombohedral (R) side of the MPB. Here, the (111) peak exhibits a clear splitting, while the (200)
peak is a singlet. A detailed microstructural and crystallographic analysis was reported elsewhere. [362] The cm/apc
ratio, obtained by Rietveld refinement of high resolution X-ray and neutron powder diffraction data [362] displayed in
Tab. 5.2, increases with increasing titanium content. A value of cm/apc=1.016 was reported for x=0.5(T), while a value of
cm/apc=1.002 was found for x=0.44(R).
Figure 5.8.: XRD profiles of polycrystalline PZT ceramics with different titanium contents. The full pattern is shown in
a), (111) and (200) peaks are highlighted in b) and c), respectively.
Bipolar measurements
Large signal polarization and strain loops of PZT with different Zr/Ti ratios are displayed in Fig. 5.9a and b with the
characteristic properties summarized in Tab. 5.2. The highest electromechanical response and the highest switchable
polarization were found for the x=0.46(MPB) sample. The remanent polarization of x=0.4(R) is 37.6C/cm2, while
a lower value of 32.2C/cm2 was found for x=0.5(T). This is in agreement to the prediction of Baerwald [206], who
calculated the fraction of switchable polarization obtainable in polycrystalline materials (Tab. 2.3) and found lower
values for tetragonal compositions compared to the rhombohedral ones. The coercive fields are plotted in Fig. 5.9c as
a function of the titanium content. The coercive fields increase with increasing the titanium content and the values for
the tetragonal compositions are about twice as high as the values obtained for their rhombohedral counterparts. This is
in good agreement to results obtained by Kungl and Hoffmann. [200] A coercive field of 0.6 kV/mm was reported for a
rhombohedral PZT sample doped with niobium and strontium, while a value of 1.2 kV/mm was reported for a tetragonal
composition. Also other authors found the coercive fields to be higher for the tetragonal phase in comparison to the
rhombohedral phase. [201; 205] The negative strain and the bipolar strain are plotted as a function of the titanium
content in Fig. 5.9d and e, respectively, and peak at the MPB. The sharpness of the curve at the maximum negative strain
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is broader in the case of the tetragonal compared to the rhombohedral materials; a feature, which was found to be even
more pronounced for undoped PZT samples [363].
Figure 5.9.: a) Polarization and b) strain loops as a function of the electric field of polycrystalline La-doped PZT ceramics
with different titanium contents measured at 1 Hz. The coercive field, the negative, and the bipolar strain as
a function of the titanium content are plotted in c), d), and e), respectively.
Table 5.2.: Summary of large signal ferroelectric (measured at 1 Hz and 3 kV/mm) and crystallographic (from Ref. [362])
properties of polycrystalline PZT ceramics with different titanium contents.
x (mol.%) EPC (kV/mm) Pr (C/cm
2) Sbip (%) Sneg (%) cm/apc
0.5(T) 2.24 32.2 0.36 -0.20 1.016
0.475(T) 1.49 36.5 0.54 -0.34 1.011
0.46(MPB) 1.12 42.6 0.54 -0.36 1.005
0.44(R) 1.10 40.2 0.44 -0.28 1.002
0.4(R) 1.09 37.6 0.34 -0.20 n. a.
Dynamic measurements
Time-dependent polarization and strain dynamic measurements for the investigated PZT compositions are displayed in
Fig. 5.10 for various applied electric fields. The ∆P(t) curves, presented in the first row, show the expected step-like behav-
ior on the logarithmic time scale. Compared to the dynamic polarization responses presented for PIC151 (Fig. 5.1d) or
other studied polycrystalline ceramic materials [180–182; 202; 203; 291], switching in La-doped PZT happens faster and
the distribution of switching times is narrower, which is related to the softening effect of lanthanum in these compositions.
The influence of crystal structure on the polarization switching dynamics of the investigated materials can be roughly esti-
mated from the time dependence of the switched polarization. In order to completely switch the material in the investigated
time interval of 10 s, electric fields of 0.833 kV/mm and 0.889 kV/mm are required for x=0.4(R) and x=0.46(MPB) com-
positions, respectively, while a much higher electric field of 1.818 kV/mm needs to be applied for the x=0.5(T) composition.
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A more detailed investigation of the influence of crystal structure on the dynamics of the process can be revealed when
time-dependent strain curves, S(t), measured simultaneously with the polarization, are investigated. These are depicted
in the second row of Fig. 5.10. Three regimes, which were described in detail in Sec. 5.1, are again identified for all
investigated compositions. The activation fields for the three regimes can be determined if field-dependent characteristic
parameters describing the individual physical processes are known. For the respective regimes, the field-dependency of the
characteristic switching times is plotted in Fig. 5.11, whereby the error bars represent the standard deviations from three
averaged measurements on different samples. The data can be well described by the Merz law (Eqn. 5.1), which allows to
derive the activation fields for switching.
Figure 5.11.: Field-dependent switching times for different regimes, determined from dynamic measurements in
Fig. 5.10: a) non-180° domain wall movement (determined from S(t) curves; time, where 50% of the
maximum negative strain is reached), b) main switching phase (determined from ∆P(t) curves; time where
50% of the polarization is reversed) and c) creep-like domain wall movement (determined from ∆P(t) curves;
time were 90% of the polarization is reversed). The dashed lines represent fits according to the Merz law
(Eqn. 2.9).
The determined activation fields for all three regimes are summarized in Tab. 5.3. The activation field for the non-
180° domain wall movement (regime 1) is lower compared to the main switching phase (regime 2) for all compositions,
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except for the MPB. The activation field for the creep-like domain wall movement is similar or slightly lower compared
to the activation field of the main switching process. As discussed in Sec. 5.1.4, the low activation field of regime 1 is a
consequence of the presence of nuclei in the poled state and internal mechanical stresses, which are acting as an auxiliary
force for non-180° domain wall movement in regime 1.
Table 5.3.: Activation fields (in kV/mm) for non-180° domain wall movement (regime 1), the main switching phase
(regime 2) and the creep-like domain wall movement (regime 3) of polycrystalline PZT ceramics with differ-
ent titanium contents.
x (mol.%) Non-180° domain wall
movement
Main switching phase Creep-like domain wall
movement
0.5(T) 38.4±5.3 45.4±0.7 45.1±0.5
0.475(T) 30.0±1.0 34.4±0.4 30.8±0.4
0.46(MPB) 26.3±1.0 23.5±0.3 21.2±0.3
0.44(R) 20.2±0.9 23.6±0.3 23.1±0.7
0.4(R) 19.8±0.5 23.9±0.2 22.5±0.2
Fig. 5.12a–c show the dependence of the activation field on the titanium content for the three respective regimes. An
activation field of 45.5±0.7 kV/mm was found for the main switching phase for a x=0.5(T) composition, which is about
double the value of a x=0.4(R) composition (Tab. 5.3). A comparable tendency can be found in literature. Zhukov et al.
measured the activation fields for the main switching phase of niobium and strontium doped PZT compositions. They
reported an activation field of 25 kV/mm for a rhombohedral, while a value of 35 kV/mm was found for a tetragonal
composition. [181]
Figure 5.12.: Summary of switching dynamics for samples with different crystal structure. Activation fields for the a)
non-180°domain wall movement (regime 1), b) main switching phase (regime 2), and c) creep-like domain
wall movement (regime 3) as a function of titanium content. The error bars display the standard deviations
according to the least square fit in Fig. 5.11. The arrow indicates the increasing cm/apc ratio (Tab. 5.2). d) and
e) display dynamic measurements of switched polarization and strain, respectively, highlighting the influence
of crystal structure on the individual regimes of polarization reversal. Respective curves for a switching
field E Sw≈0.9EPC are displayed (E Sw=2.006 kV/mm for x=0.5(T), E Sw=0.994 kV/mm for x=0.46(MPB), and
E Sw=0.967 kV/mm for x=0.4(R)). The solid line in e) represents zero relative strain, obtained by normalizing
with the poled state (Eqn. 4.5).
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The easier and faster switching behavior of the rhombohedral compared to the tetragonal composition can be explained
by a higher number of equivalent polarization directions (Tab. 2.3). [178] In addition, the tetragonal phase has a higher
anisotropy in the dielectric tensor κ11/κ33 (2.5 for a tetragonal and 1.8 for a rhombohedral material [183]), which will
result in a broader distribution of the local electric field for a tetragonal material, as calculated in Fig. 5.13.1 Also, as
indicated in Fig. 5.12a–c, the increase in activation parameters follows the cm/apc ratio. A higher lattice distortion will
influence the internal compatibility stresses between non-180° domains, the domain structure, and the switching behavior,
as revealed in Sec. 2.4.2. In particular, large stresses of the order of GPa were measured at domain wall junctions for
tetragonal PZT compositions. For a lattice distortion of c/a=1.02, which is close to the lattice distortion of the investigated
tetragonal sample (cm/apc=1.016, x=0.5(T)), a maximum stress of σmax=0.8 GPa was found at the junction between
lamellar domain regions (Fig. 2.16a). It was also predicted that during the movement of the domain walls, these large
internal mechanical stresses have to be overcome [190], impeding the switching process. This effect is expected to be
much less pronounced for materials on the rhombohedral site of the MPB, where the lattice distortion is much smaller.
The interplay between lattice distortion and domain structure was demonstrated for a Ca doped PbTiO3 model system. In
this system, the density of strain-induced non-180° domains was found to increase with the lattice distortion (Fig. 2.16e
and f). [192] In agreement to this prediction, a fine domain structure was observed for a tetragonal material, while the
domain structure was much coarser in rhombohedral counterparts. [212] According to theoretical works, this should
result in a reduced domain wall mobility for tetragonal materials, compared to rhombohedral counterparts [166; 227], as
discussed in Sec. 2.4.4.
Figure 5.13.: Calculated local electric field distribution for a tetragonal (Pb(Zr0.4Ti0.6)O3) and rhombohedral
(Pb(Zr0.6Ti0.4)O3) composition. For calculation the dielectric permittivity of a tetragonal (κ11=499, κ33=198),
and a rhombohedral (κ11=940, κ33=530) material, as provided in Ref. [183], were used.
In the following, the influence of crystal structure on the shape of the dynamic polarization and strain curves, displayed
for an exemplary switching field of ESw≈0.9EPC (Fig. 5.12d and e) will be revealed.
The first regime is characterized by a linear increase of the negative strain on the logarithmic time scale with a field- and
composition-dependent slope, which is accompanied by a small increase in polarization. The initial increase of the negative
strain due to the converse piezoelectric effect at 6·10-5 s (Fig. 5.12e) is highest for x=0.5(T), which is probably related to
the height of the applied electric field pulse, being twice as high compared to x=0.4(R) and x=0.46(MPB). In addition,
the slope ∆S/∆ ln(t) in the first regime is lowest for x=0.5(T), while it increases from x=0.4(R) to x=0.46(MPB). The
slope in this regime can be related to the velocity of moving non-180° domain walls, which is highest for the MPB and
lowest for the T composition. As displayed in Fig. 5.10, for electric fields above a certain field (0.700 kV/mm for x=0.4(R),
0.700 kV/mm for x=0.44(R), 0.667 kV/mm for x=0.46(MPB), and 1.011 kV/mm for x=0.475(T)) a change of the slope
with time is visible, which is related to a change of the velocity of non-180° domain walls with time. This change of the
slope cannot be observed for x=0.5(T).
The end of the first regime (Fig. 5.12d and e) is characterized by a material-specific maximum value of the negative
strain and switched polariaztion, ∆Preg. 1. The negative strain values are -0.18±0.01%, -0.35±0.01%, and -0.17±0.01%
for x=0.4(R), x=0.46(MPB), and x=0.5(T), respectively. The errors represent the scattering between measurements
with different electric field amplitudes. The amount of negative strain obtained from a sample is usually determined by
the interplay between lattice distortion and domain wall mobility. With respect to the mechanical stresses involved in
1 R. Khachaturyan is acknowledged for providing the calculated data.
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the switching process [148; 172; 335] these parameters are however not independent [364] and the interplay provides
maximum negative strain close to the tetragonal site of the MPB [211].
The corresponding switched polarizations at the end of the first regime (Fig. 5.12d and e) are 11.5±1.5C/cm2,
12.6±0.5C/cm2, and 11.9±3.0C/cm2 for x=0.4(R), x=0.46(MPB), and x=0.5(T), respectively. These values account
for 15±2%, 14±1% and 17±3% of the total switched polarization. For all the investigated compositions, the maximum
negative strain value increases with increasing applied electric field pulse. This is accompanied by an increase in switched
polarization. This is displayed in Fig. 5.14a for a PZT material with x=0.475(T). This is an interesting feature, which,
however, is not completely understood. It should be noted that frequency-dependent measurements on the same material
also indicate an increase in negative strain, when loops are measured under a higher frequency. The change of the shape
of the loops with frequency is displayed in Fig. 5.14b, while the frequency dependence of the negative strain is plotted in
Fig. 5.14c. An increase of negative strain with increasing frequency was previously also reported in literature. [365–367]
Since the negative strain is mainly a result of non-180° domain wall contributions, the share of non-180° switching events
is expected to be time- and frequency-dependent. The share of non-180° switching events thereby increases with increasing
frequency or height of the applied electric field pulse, i.e., the speed of polarization reversal. It is worth to mention that all
state of the art models can solely describe the influence of frequency on the coercive field, but not on the strain. Typical
examples are the models by Vopsaroiu et al. [368; 369], Orihara et al. [370] or Du and Chen [371]. However, all models
neglect non-180° domain effects, even though the correlation between the frequency dependence of the negative strain
and coercive field is apparent, as displayed in Fig. 5.14c.
Figure 5.14.: Dependence of the negative strain on the speed of polarization reversal. All results are displayed for a PZT
material with x=0.475(T). a) Dependence of negative strain and switched polarization in regime 1 on the
height of the electric field pulse. The arrows represent a guide to the eye. b) Polarization and strain loops
measured at different frequencies. The arrows indicate the influence of increasing frequency on the shape of
the loops. c) Frequency dependence of the negative strain and the coercive field, obtained from the P(E)
loops presented in b). The arrows represent a guide to the eye. Error bars represent values averaged from
three measurements with different samples.
After the end of the first regime, the material enters the main switching phase (Fig. 5.12d and e). The change of the
slope ∆S/∆ ln(t) at the maximum negative strain (Fig. 5.12e) is sharp for rhombohedral and MPB materials, whereas
a broader plateau can be observed for tetragonal materials. This is in agreement to the strain loops (Fig. 5.9b) which
also exhibit a broadening with increasing titanium content. Most of the polarization is switched in the main switching
phase: 67.5C/cm2 (84%), 64.5C/cm2 (75%), and 51.0C/cm2 (78%) for x=0.4(R), x=0.46(MPB), and x=0.5(T),
respectively. This is accompanied by a large change in the macroscopic strain. The slope of the ∆∆P/∆ln(t) at the
inflection point of polarization vs. time curves on the logarithmic time scale in Fig. 5.12d can be used as an approximate
estimation of the switching speed. While this slope is highest for x=0.4(R), it gradually decreases with increasing titanium
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content. This indicates that switching slows down with increasing titanium content.
The third regime is characterized by a small increase of the macroscopic strain on the logarithmic time scale, which
is accompanied by a gradual saturation of the polarization. In this regime 4.4C/cm2 (4%), 10.3C/cm2 (10%), and
1.2C/cm2 (1%) are switched for x=0.4(R), x=0.46(MPB), and x=0.5(T), respectively. The high fraction of switched
polarization can also be manifested by the additional second slope appearing in the x=0.46(MPB) composition after the
main rise of the switched polarization at 75C/cm2 (Fig 5.10), which was not observed for other investigated compositions.
This anomaly was previously observed in the ∆P(t) response in other polycrystalline ferroelectric samples [182; 202; 203]
but could not be explained yet; however, it is not a characteristic of MPB compositions, as it was frequently reported for
other samples.
5.2.2 Influence of grain size
Microstructure
The influence of grain size on switching dynamics was investigated on a series of rhombohedral samples with the
composition Pb(Zr0.7Ti0.3)O3. The samples were sintered at different conditions. The sintering temperature ranged from
1100–1250 °C, while a dwell time in the range from 2–8 h was used. Higher sintering temperatures or longer dwell times
resulted in considerable PbO volatilization and reduced properties. The obtained respective microstructures are shown in
Fig. 5.15. A coarsening of the microstructure can be observed with increased sintering temperature and dwell time.
Figure 5.15.: Microstructural analysis for samples with increasing grain size from a) to d). The sintering conditions were:
a) 1100 °C, 2 h, b) 1150 °C, 2 h; c)1150 °C, 8 h, and d) 1250 °C, 2 h.
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The average grain size and the relative density of the samples are summarized in Tab. 5.4. It can be observed that
the average grain size continuously increases from 4.1±0.3m to 11.3±3.8m, as the temperature or the dwell time
increase, while the density, independently of the sintering conditions, reached a value of approximately 96–98% of the
theoretical density. A theoretical density of 7.97 g/cm3 was used for this calculation. [372] In addition, the grain size
distribution broadened, as evidenced by the increased standard deviation. Similarly, a broadening of the distribution of
grain sizes with increasing sintering temperature was observed for Pb0.975Sr0.02[(Zr0.5275Ti0.4725)Nb0.01]O3 polycrystalline
ceramics. [200]
Table 5.4.: Summary of microstructural parameters for samples with different grain sizes.
g (m) ρ (g/cm3) ρrel (%) ϑSin (°C) t (h)
4.1±0.3 7.80 97.8% 1100 2
6.2±2.4 7.71 96.7% 1150 2
7.9±3.2 7.62 95.6% 1150 8
11.3±3.8 7.69 96.4% 1250 2
Domains in the unpoled samples with the smallest and the largest grains were visualized by PFM (amplitude images
are displayed in Fig. 5.16, while phase images are displayed in Fig. A.1). Both samples exhibit a banded domain
structure (Fig. 2.6b), which contains 180° as well as non-180° domain walls. This type of domain structure is expected
for PZT samples above a critical grain size of about 1–2m. [42] As indicated in Fig. 5.16, the 180° domain walls
appear as watermarks, while the non-180° domain walls exhibit a wedge-shaped domain morphology, which is typical for
rhombohedral PZT ceramic materials [373]. The red lines indicate the position of the grain boundaries obtained from
topography images. The green asterisks highlight grain boundaries that exhibit domain wall continuity. Domain walls that
show continuity over grain boundaries can be found in all samples. Domain walls continue over grain boundaries, if the
shape and the phase of the domain are not changed over the grain boundary. Therefore, PFM amplitude and phase images
have to be investigated simultaneously. This was done for the domain wall marked by the blue square in Fig. 5.16b).
Magnified PFM amplitude and phase images are displayed in Fig. A.2. Domain wall continuity over grain boundaries is a
frequently observed feature in polycrystalline ferroelectric/ferroelastic materials [149–154], which is related to electric
correlations across the grain boundary, as discussed in Sec. 2.3.2. A finer domain structure can be observed for the
sample with a smaller grain size (g=4.1m),while the domain structure is broader for the sample with a larger grain
size (g=11.3m). A decrease in grain size is accompanied by an increase in internal mechanical stresses [44; 229; 230].
In order to compensate for these stresses, the size of non-180° domains decreases [42], following Kittel’s law [233].
Consequently, the domain structure gets finer when the grain size of the material is reduced. [235; 236] However, due to
the wedge-shaped character of the domains it was not possible to quantify the domain size.
Bipolar measurements
Large signal polarization and strain loops of samples with different grain sizes are displayed in Fig. 5.17a and b, respectively,
and characteristic properties are summarized in Tab. 5.5. The remanent polarization increases with increasing grain size
(Fig. 5.17c). The sample with the grains size of 4.1m has a remanent polarization of 15.9C/cm2, while the remanent
polarization is almost doubled to 29.0C/cm2 when the grain size of the samples is increased to 11.3m. Interestingly,
the coercive field slightly increases with increasing grain size (Fig. 5.17d) from 0.70 kV/mm for the sample with the
smallest grain size (g=4.1m) to 0.76 kV/mm for the sample with the largest grain size (g=11.3m).
The dependence of the coercive field on the grain size is provided in Fig. 5.18a and b. Here, literature results of various
PZT-based compositions with different sintering conditions1 and crystal structures are displayed. [212; 215; 216; 375–380]
The results obtained from this study are highlighted as orange stars. The grain size dependence of the macroscopic
properties can be separated into two ranges. The first range shows a rapid decrease of coercive field with increasing grain
size, which is accompanied by an increase of polarization. The transition is clearly evident in the grain size dependence
of the remanent polarization in the results by Randall et al. [215], Sakaki [379], and Yamamoto [378]. The transition
occurs in the grain size range of 1–2m. This grain size correlates to the critical transition grain size at which the domain
configuration changes between a lamellar and banded domain structure, reported previously. [42] The lamellar domain
configuration (g<1–2m) can relax stresses in two dimensions. Therefore, the mechanical stresses developed at the phase
transition temperature due to the spontaneous strain can be only partially released (Sec. 2.2.1) and significant internal
1 Since hot pressing is known to have a significant influence on the internal stresses in polycrystalline ceramics [374], care must be taken when
hot pressed and conventionally sintered samples are compared.
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stresses remain in the polycrystalline materials, increasing the coercive field and significantly decreasing the remanent
polarization. On the other hand, a banded domain structure (g>1–2m) can compensate for mechanical stresses in three
directions. In addition, 180° domain walls can form. In this grain size range the coercive field decreases slightly with
increasing grain size, accompanied by a small increase in remanent polarization. As confirmed by the PFM images, which
show 180° and non-180° domain walls for both grain sizes (Fig. 5.16), all investigated materials are in the second range of
grain sizes.
Figure 5.16.: Influence of grain size on the size and morphology of domains. PFM amplitude images of unpoled rhombo-
hedral PZT samples with different grain sizes: a) 4.1m and b) 11.3m. For each sample representative images
at two different positions are displayed. The red lines indicate the position of the grain boundaries according
to topography images measured simultaneously. The green asterisks highlight grain boundaries that exhibit
domain wall continuity. A 180° domain wall watermark structure is displayed, while non-180° domain walls
usually exhibit a wedge shape [373]. Phase images are displayed in Fig. A.1. The blue marked area is magnified
in Fig. A.2.
Both bipolar and negative strain increase with increasing grain size. While for the sample with the smallest grain size
(g=4.1m) a bipolar strain of 0.10% and a negative strain of -0.03% were measured, the values increase to 0.16% and
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-0.07% for a sample with a grain size of 11.3m. The shapes of the P(E) loops (Fig. 5.17a) were characterized by the
squareness ratio RSq [201]
RSq =
Pr
PSat
+
P1.1EC
Pr
, (5.2)
where P1.1EC is the polarization at 1.1-times the coercive field. As revealed in Tab. 5.5 and displayed in Fig. 5.17e, the
squarness ratio increases with increasing grain size. However, the values are well below the value of RSq=2, which is the
theoretical value for a defect-free single crystalline material. This is also manifested by the change of slope ∆S/∆E at the
maximum negative strain (Fig. 5.17b). While the change of slope at the maximum negative strain is sharp for a material
with a large grain size (g=11.3m), it is more dispersive for a material with a small grain size (g=4.1m).
Figure 5.17.: a) Polarization and b) strain as a function of the electric field for samples with different grain sizes. The
influence of grain size on the shape of the loop is characterized by the grain size dependence of c) the
remanent polarization, d) the coercive field, and e) the squareness ratio of the polarization loops.
Table 5.5.: Summary of large signal ferroelectric properties of samples with different grain sizes.
g (m) EPC (kV/mm) Pr (C/cm
2) RSq Sbip (%) Sneg (%) Ea (kV/mm)
4.1±0.3 0.70 15.9 0.74 0.10 -0.03 26.5±1.2
6.2±2.4 0.72 17.5 0.96 0.11 -0.04 24.5±1.4
7.9±3.2 0.75 23.8 1.05 0.13 -0.05 24.6±1.6
11.3±3.8 0.76 29.0 1.20 0.16 -0.07 22.1±0.7
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Figure 5.18.: Summary of the dependence of the average grain size on the a) remanent polarization and b) coercive
field. The results from this study are plotted as orange stars. Values obtained from literature are plotted
for comparison. [212; 215; 216; 375–380] (cs: conventional sintered, hip: hot isostatic pressed) The transition
between range 1 (lamellar domain structure) and range 2 (bandend domain structure) at 1-2m is marked
by the shaded area. [42]
Dynamic measurements
A more detailed analysis of the switching behavior is provided by time-dependent polarization and strain dynamics
measurements, displayed in Fig. 5.19. The different regimes of polarization reversal, introduced and explained in Fig. 5.2,
can be identified in the strain dynamic measurements.
The influence of grain size on the dynamic response in individual regimes is revealed in Fig. 5.20. Here, a comparison of
characteristic curves is provided for a constant applied electric field. It should be noted that even though the external elec-
tric field is constant, local field distributions might be different in samples with different grain sizes. This is related to the
anisotropy in the dielectric permittivity tensor and different domain configuration in the poled samples. For the first regime
(Fig. 5.20a), the slope ∆S(t)/∆ ln(t) of the curves increases with increasing grain size. This indicates that the velocity of
non-180° domain walls in the first regime increases with increasing grain size. According to theoretical calculations an
increase of velocity of non-180°domain walls was predicted when the width of the domain structure increases. [166; 227]
The time at which the transition from regime 1 to regime 2 occurs is independent of the grain size and occurs at ap-
proximately 4·10-3 s for an applied electric field of ESw=0.840 kV/mm. This indicates that the critical field required for
this transition is independent of the grain size. The maximum negative strain at the transition from regime 1 to regime
2 (Fig. 5.20b) increases from -0.028% for the sample with a small grain size (g=4.1m) to to -0.048% for the sample
with a large grain size (g=11.3m). The dependence of the negative strain is plotted as a function of grain size in Fig. 5.21a.
Hoffmann et al. investigated the origin of the macroscopic strain as a function of grain size in PZT materials using
high resolution XRD. [212] In fine-grained materials, the intrinsic lattice strain of 0.11% was nearly the same as the
macroscopically measured strain of 0.13%. In contrast in coarse-grained materials, the intrinsic lattice strain accounted to
0.08%, while the macroscopically measured strain was 0.13%. The difference of 0.05% between fine- and coarse-grained
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samples was explained with an enhanced motion of non-180° domain walls, as the grain size increased.1 This observation
was related to reduced grain-to-grain clamping in coarse-grained materials compared to fine-grained materials. Since the
switching process requires mechanical correlations over the grain boundaries [161–164], transgranular cooperation of
domain walls will be involved. As schematically indicated in Fig. 5.2, the movement of ferroelastic domain walls causes a
change of the shape of the grain. Since the grains are randomly oriented, the amount of ferroelastic domain switching
fraction is different in individual grains, depending on their orientation to the applied electric field (Fig. 5.7c). This results
in elastic stress fields between grains, which hinder the switching process. [148; 172; 335] These stresses should increase
with decreasing grain size. In a recent diffraction study by Khatua et al., the influence of grain size on the switching
process in (Na0.5Bi0.5)TiO3 was investigated. In agreement with other studies, they found a dramatic reduction in switched
polarization and a suppression of the ferroelectric behavior, when the grain size decreases to the submicron range, if a
bulk ceramic material is investigated. However, when loosely-connected particles of the same material and size, embedded
in an elastic polymer matrix (powder-poling technique [381]) were subjected to the same electric field, a distinct splitting
of the Bragg peaks was observed. [382] While the clamped grains in the former case did not exhibit switching, the almost
free particles in the later case clearly exhibited ferroelectric/ferroelastic switching.
Figure 5.20.: Influence of grain size on the different regimes of polarization reversal. The measurements were per-
formed at constant electric fields, as indicated. The influence of grain size on initial non-180° domain wall
movement is displayed in a). The transition from regime 1 to regime 2 is shown in b). The gray shaded area,
highlighting the time-dependent switched polarization at the transition from regime 1 to 2, is magnified
in the inset. The influence of grain size on the main switching phase (regime 2) and creep-like domain wall
movement (regime 3) is shown in c) and d), respectively.
Interestingly, for the grain sizes of 4.1m and 6.2m, ≈35% of the total reversed polarization occurs in regime 1, while
this value reduces to ≈18% for larger grain sizes of 7.9m and 11.3m (inset in Fig. 5.20b). The dependence of the
share of switched polarization in regime 1 to the totally switched polarization is displayed as a function of the grain size
in Fig. 5.21a. The increase of the share of the switched polarization, in combination with a decrease in negative strain
with decreasing grain size, indicates an enhanced contribution of strain-free 180° switching events to the totally switched
polarization in regime 1, when the grain size gets reduced.
This observation can be explained by Landau free energy calculations. The influence of stress on the Landau free energy
landscapes for a rhombohedral Pb(Zr0.7Ti0.3)O3 material is displayed in Fig. 5.21c–e. The applied stress is compressive in
the direction of the spontaneous polarization. This mimics the suppression of the development of the spontaneous strain
at the phase transition temperature in polycrystalline ferroelectrics. The 180° switching path is marked by the white line
between the two stable rhombohedral states in Fig. 5.21c–e. The activation barrier for this path is plotted as a function of
the magnitude of the applied stress in Fig. 5.21b. The stresses of two hypothetical polycrystalline ceramic materials with
different grain sizes (g1>g2) are highlighted in Fig. 5.21b. Thereby, the hypothetical material with a smaller grain size, g2,
has a broader stress gradient. The activation barriers for the two hypothetical materials can be calculated as ∆Gg1 and
∆Gg2 . It can be observed that the activation barriers for the material with the smaller grain size, g2, are broader compared
1 It should be noted, that recent results obtained by Ghosh et al. do not agree with the report by Hoffmann et al. [212]. They found a higher
non-180° domain switching fraction of ∆η002=0.013±0.02 for a material with a grain size of 1.97±0.44m, while a domain switching fraction
of ∆η002=0.007±0.02 was found for a material with a grain size of 3.52±0.29m. [232] Unfortunately, in both studies only two samples
were measured.
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to the material with the larger grain size, g1. Smith et al. correlated the distribution in the lattice strains to the broad
distribution of switching times [318], which can explain the observed switching behavior, characterized by enhanced
180° domain contribution in regime 1 when the domain size gets reduced (Fig. 5.21a).
Figure 5.21.: Grain size effects on polarization reversal. a) Influence of grain size on the maximum negative strain and on
the share of switched polarization in regime 1 to the total switched polarization. b) The influence of stress on
the energy barrier of the 180° switching path obtained from Landau energy landscapes for a rhombohedral
PZT (Pb(Zr0.7Ti0.3)O3). Landau energy landscapes for σ=0, σ=σmax/2, and σ=σmax are displayed in c), d), and
e), respectively. The stress is compressive and is applied in the direction of the spontaneous strain. Two
hypothetical materials, with different grain sizes, g1 > g2, are displayed and the respective energy barriers for
the 180° switching path are highlighted.
In agreement with the strain loops presented in Fig. 5.17, the transition from regime 1 to regime 2 is broad for a small
grain size of 4.1m, while it is sharp for larger grain sizes (Fig. 5.20b). This can also be observed from the ∆P(t) curves
measured at an applied electric field of ESw=0.920 kV/mm, presented in Fig. 5.20c. While a rapid and sharp increase
occurs for the material with the grain size of 11.3m, the polarization slowly rises for a material with the grain size of
4.1m, indicating a sharp and a broad distribution of switching times, respectively. In a region of 720–820 nm around the
grain boundary, domains with a lower mobility were observed in a thin film model system, as compared to domains in
the grain interior. [252] For this grain boundary region also a two times higher coercive field was reported [165], which
indicates the influence of the grain boundary on the domain wall mobility. Assuming in this context grains as spherical
particles, a 46 vol.% of the material will be influenced by the grain boundary in rhombohedral PZT materials for a grain
size of 4.1m, while only a 20 vol.% will be influenced when the grain size is increased to 11.3m. In addition, it should
be kept in mind, that grain boundaries act as pinning sites, adding an additional barrier for the movement of the domain
walls. [249–251]
The characteristic times for the main switching phase, obtained from the ∆P(t) curves (Fig. 5.19), are plotted in
Fig. 5.22a as a function of the inverse applied electric field amplitude. Please note that due to the broadness of the
distribution of the switching response, only the field dependence of the characteristic switching times for the second
regime could be extracted for this sample series. The solid lines in Fig. 5.22a represent the fits according to the Merz
law (Eqn. 5.1). The determined activation fields for the main switching phase are summarized in Tab. 5.5. Activation
fields of 26.5±1.2 kV/mm and 22.1±0.7 kV/mm were determined for the samples with a grain size of 4.1m and 11.3m,
respectively. As indicated in figure 5.22b, the activation fields for the main switching phase decrease with increasing
grain size. These results are in agreement to the activation fields reported by Zhukov et al., who found a slight decrease
in activation field for a tetragonal PZT material for grain sizes in the range of 1.12–2.65m [181]. Interestingly, the
coercive fields of the samples exhibit an opposed trend (Fig. 5.17d). However, it should be noted that the activation fields
were calculated from data measured over a broad time- and field-range, while the coercive field was measured at a single
frequency. While an exact explanation of this discrepancy would require additional analysis, it is likely that the observed
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change is related to the frequency-dependence of the domain dynamics.
For high electric field pulses, the material is in the third regime (ESw=1.240 kV/mm, Fig. 5.20d). In this regime, the
slope ∆S(t)/∆ ln(t) of the curves is independent of the grain size or the deviations are small and not detectable by our
methods.
Figure 5.22.: Influence of the average grain size on the activation field for the main switching phase. a) Field-dependent
switching times (determined from ∆P(t) curves (Fig. 5.19); time where 50% of the polarization is reversed)
plotted as a function of the inverse applied electric field. The solid lines show fits to the data points according
to the Merz law. The determined activation fields are plotted as a function of the grain size in b). The error
bars represent the standard deviation obtained by the least square method.
5.2.3 Influence of degree of texture1
Microstructural and crystallographic analysis
Polycrystalline samples on the basis of BCT15 were prepared with different degrees of crystallographic texture. The XRD
patterns of the samples are provided in Fig. 5.23. No secondary phases can be detected in any of the diffraction patterns
and all patterns can be described by a single tetragonal perovskite phase. The samples reveal a (001),(100) crystallographic
texture, whereby the (110) reflection group, which usually has the highest intensity in tetragonally-distorted perovskite
materials, almost vanishes for the samples with the highest degree of texture.
The degree of crystallographic texture can be described by the Lotgering factor [325], which was determined for the
samples according to Eqn. 4.1 and is provided by the numbers in Fig. 5.23b. In the context of the Lotgering factor, a
value of 100% represents a perfectly textured sample, while a value of 0% represents a perfectly random sample. For the
investigated samples, Lotgering factors in the range of 26–83% were identified.
The MD equation (Eqn. 4.3) [326] can give additional information about the distribution of crystallite orientations.
Good fits were obtained for choosing (h1k1l1) to be (100) and (h2k2l2) to be (001) lattice planes (Rietveld refinement
results of the XRD diffraction data in Fig. 5.23 are provided in Fig. A.3). In agreement with the structural relationship of
the cubic unit cell to the tetragonal perovskite unit cell it was found that the peaks of the (001) and (100) lattice planes
have an approximate intensity ratio of 1:2. Therefore, the parameter f was fixed at a value of 66.67%. It was found
that good fits could be obtained if r1=r2, limiting the MD equation to one refinable parameter r1,2, which is displayed in
Tab. 5.6. The MD parameter r1,2 may vary in the range of 0–1, where 0 represents a sample with a perfect crystallographic
orientation and 1 represents a perfectly-random sample. As can be concluded from Tab. 5.6, the MD equation and the
Lotgering equation give similar qualitative values to describe the degree of crystallographic texture. Therefore, in the
1 Part of this section was published previously in [182; 383].
90 5. Results and discussion
following discussion, the degree of crystallographic orientation will be described by the Lotgering factor. However, it
should be noted that the Lotgering factor represents only an arbitrary texture fraction and is not related to the volume of
the textured material. [384]
Figure 5.23.: a) Full range XRD patterns and b) (002),(200) reflections of BCT15 samples with different degrees of
crystallographic texture. The degree of crystallographic texture is indicated by the Lotgering factor in b).
While all samples were produced by tape casting, only the samples with a high degree of crystallographic texture
(F≥82%) were manufactured using oriented templated particles, whereas the others (F<82%) were produced without
templates. Interestingly, even samples without templates exhibit an induced preferred crystallographic texture and F
values up to 50% could be achieved. Therefore, beyond the platelet-like seed particles other factors influence the degree
of crystallographic texture of the samples. One of them is the anisometric shape of the starting powder particles, which get
oriented during the doctor blade process.
Table 5.6.: Summary of microstructural parameters and small signal properties for samples with different degrees of
crystallographic texture.
F (%) r1,2 ρ (%) a (Å) c (Å) c/a g (m) ϑCur (°C) ϑD (°C)
83 0.25 94.3 3.9783(4) 4.0210(5) 1.0107(2) 9.4±0.9 117 116
82 0.26 92.7 3.9763(4) 4.0155(5) 1.0099(2) 9.9±1.0 114 116
50 0.42 97.0 3.9739(5) 4.0097(5) 1.0090(2) 7.1±0.7 104 102
43 0.43 96.0 3.9746(2) 4.0124(5) 1.0095(1) 6.1±1.1 107 107
37 0.50 96.0 3.9749(5) 4.0082(5) 1.0084(2) 5.3±0.5 102 103
26 0.53 96.0 3.9752(4) 4.0081(4) 1.0083(1) 5.7±0.6 92 100
The refined lattice parameters a and c for the tetragonally-distorted unit cell of the samples with the lowest degree
of texture (F=26%, a=3.9783(4) and c=4.0210(5), Tab. 5.6) are in good agreement with the values reported in the
literature for nontextured polycrystalline materials [385; 386]. As manifested by the larger splitting of the (002)/(200)
peaks for samples with a higher degree of texture, demonstrated in Figure 5.23b and quantified by the c/a ratio, presented
in Tab. 5.6, the tetragonal distortion increases with increasing the degree of texture. A value of c/a=1.0107(2) and
c/a=1.0081(1) was found for the sample with high (F=83%) and the sample with low (F=26%) degree of texture,
respectively. This behavior is in agreement with previous reports on textured piezoceramic materials [387; 388] and was
often related to a mismatch of lattice parameters between templates and matrix grains, which causes stresses between
them. These were quantified by finite element method simulations and stresses up to 8 MPa were found. [389] Interestingly,
these stresses are much lower compared to internal stresses in BT ceramics, which are induced by the spontaneous strain
upon cooling below TC and can exceed 70 MPa. [44; 45] In a single-domain crystal with non-constrained surfaces, the
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spontaneous strain is developed and the crystal remains unstrained. [44] The random crystallographic orientation of the
grains in a polycrystalline sample imposes a mechanical constraint and internal residual stresses increase. A decrease of
the tetragonality ratio was also observed for BT single crystals, when an external hydrostatic pressure was applied. [390]
Crystallographically textured materials can be described as an intermediate state between nontextured polycrystalline
materials and single crystals. Crystallographically textured materials show a cooperative development of the spontaneous
strain during the phase transformation from the cubic, paraelectric phase to the tetragonal, ferroelectric phase. This
cooperative alignment of the tetragonal distortion allows the formation of a tetragonal structure with a c/a ratio that
approaches the value of a BCT single crystal. Indeed, the tetragonal distortion of BCT single crystals with 7 mol.% Ca was
reported to be 1.012 [391], which is close to the value obtained for the samples with the highest degree of texture in this
work (Tab. 5.6).
Microstructures of the samples with a high (F=83%) and a low (F=26%) degree of crystallographic texture are displayed
in figure 5.24, while the grain size and density are summarized in Tab. 5.6. The densities of the samples vary between
92% and 97%, while the grain sizes are in the range 5.7–9.4m.
Figure 5.24.: Microstructure of polycrystalline BCT15 samples with a) high (F=82%) and b) low (F=26%) degree of
texture. The direction of the applied external electric field during poling, electromechanical characterization,
and switching experiments is indicated by the arrows. The electric field is applied perpendicular to the tape
casting direction.
Small signal properties
Temperature-dependent dielectric permittivity and loss factors of the samples with different degrees of texture are
displayed in Fig. 5.25a. The inset in Fig. 5.25a highlights the temperature-dependent permittivity at different fre-
quencies for the BCT15 (F=83%) sample. The observed peak of the loss factor curve can be related to the structural
phase transition between the ferroelectric tetragonal and the paraelectric cubic phase, which is commonly associated
with the Curie temperature. As observed in many other BT-based polycrystalline ceramic material [392], the peak
is smeared over a broad temperature range, which indicates a diffuse phase transition. An additional feature in the
permittivity curve is the appearance of a second peak for the samples with a high degree of texture (F=82–83%).
The peak at higher temperatures might occur due to chemically-inhomogeneous regions with slightly different Curie
temperatures. The use of BT and CT templates might induce a Ba/Ca concentration gradient from the interior of the
grain to the grain boundary. Similar features in the permittivity curves have been previously observed for core-shell
structures and were also related to chemical inhomogeneity. [393] This gradient, however, could not be resolved using
energy-dispersive X-ray spectroscopy due to poor resolution of the Ca peak and small variations in the concentration profile.
In addition, the TSDC was measured (Fig. 5.25b). The depolarization temperature (ϑD) is determined at the maximum
of the current and is related to the ferroelectric-paraelectric phase transition. [394] The inset in Fig. 5.25b depicts
temperature-dependent polarization obtained from TSDC measurements by integration of depolarization current density
over time. For all samples, the polarization starts to decrease at room temperature, followed by a steep decrease at
corresponding ϑD, after which, zero polarization value is reached. This behavior is typical for ferroelectric materials. [394]
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Figure 5.25.: Influence of crystallograpic texture on small signal properties. a) Temperature-dependent permittivity and
loss factor. The frequency-dependency of a sample with a high degree of texture (F=83%) is shown in the
inset. b) TSDC measurements for samples with different degrees of crystallographic texture. The inset shows
the temperature-dependent polarization calculated from TSDC measurements. c) Dependence of the Curie
and depolarization temperatures on the tetragonality ratio of the BCT15 samples.
The characteristic temperatures obtained from dielectric and TSDC measurements are summarized in Tab. 5.24. Samples
with a high degree of texture depict higher characteristic temperatures (F=82–83%; ϑCur=114–117°C; ϑD=116°C) than
their counterparts with a low degree of texture (F=26–50%; ϑCur=92–107 °C; ϑD=100–102 °C). For comparison, a value
of ϑCur=121 °C was reported for a single crystal with a similar composition. [395]. This is close to the values found for
high degrees of crystallographic orientation. As revealed in previous studies, the Curie and depolarization temperatures of
ferroelectric materials are influenced by the chemical composition [387; 396] or mechanical stresses [397; 398], but do
not depend on the direction of the crystallographic orientation [399–401].
Gradients in the chemical composition of crystallographically-textured polycrystalline ceramics are often induced by
the template particles used for the templated grain growth process. A change in the ϑC of about 20 °C was previously
observed if templates with a different chemical composition compared to the bulk were used. [387; 396; 402] On the
other hand, only minor changes (below 4 °C) were observed for templates with the same chemical composition as the bulk
materials [403], for templates with a high chemical stability in the matrix [404; 405], or for textured ceramic which had
been prepared by a process without templates [406].
The temperature change observed in this study is therefore partially related to the chemical modification induced by the
BT and CT platelet particles, which were used for the templated grain growth process. In addition, the Curie temperature
is influenced by the change of mechanical stress states. It is known that hydrostatic and uniaxial pressures can lead to a
decrease of the Curie temperature of BT [293; 397], whereas radial pressure results in an increase [407], which is related
to the stability of the tetragonal structure [408; 409]. In the case of textured polycrystalline ceramics, it may therefore
be assumed that a different internal stress state in ceramics with a high degree of crystallographic texture, compared to
random ceramics, results in a more stable tetragonal distortion, thus increasing its tetragonal to cubic phase transition
temperature, as outlined in Fig. 5.25c.
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Bipolar large signal properties
Large signal polarization and strain loops for polycrystalline BCT15 samples, measured at 3 kV/mm and 0.1 Hz, are
presented in Fig. 5.26a and b. A polarization loop of a [100] oriented BT single crystal is displayed for comparison [271]
in Fig. 5.26c. Characteristic parameters are summarized in Tab. 5.7.
Figure 5.26.: Influence of degree of crystallographic texture on bipolar large signal measurements. Large signal a)
polarization, and b) strain loops as a function of the electric field of polycrystalline BCT15 samples with
different degrees of crystallographic texture (indicated by the Lotgering factor), measured at 0.1 Hz. The
polarization loop of a [100] BT single crystal, measured at a frequency of 0.01 Hz, is plotted for comparison
[Redrawn after Ref. [271]]. d) The coercive field plotted as a function of the Lotgering factor.
The dependence of the coercive field on the Lotgering factor is plotted in Fig. 5.26d. The coercive field of highly
textured samples (0.55–0.67 kV/mm) decreases by about 18% compared to samples with a lower degree of crystallographic
texture (0.60–0.67 kV/mm). For comparison, the coercive field of a [100] BT single crystalline material was found to be
0.05 kV/mm, which is about an order of magnitude lower compared to the coercive field of the polycrystalline counterparts.
Interestingly, literature is inconsistent regarding the influence of texture on the coercive field. Some authors report an
increase of the coercive field for crystallographically textured samples [403–405], others observe no effect [402], while
again in other publications a decrease was reported [224; 410–412]. The effect seems to be strongly dependent on the
volume percentage of templates used [402; 413] and was related to interfacial stresses between templated particles and
matrix grains [402].
The shape of the P(E) loops was characterized by the squareness ratio, according to Eq. 5.2. [201] As revealed in
Tab. 5.7, samples with a high degree of crystallographic texture (F=83%) exhibit a value of RSq=0.93, while lower values
of RSq=0.77 were found for samples with a low degree of crystallographic texture (F=26%). A polarization loop with a
higher squareness ratio is a well known feature of textured materials, previously reported for perovskite-layer-structured
materials [223], perovskite bulk ceramics [224; 414–416], and perovskite thin films [417; 418]. However, even the
sample with the highest degree of crystallographic texture in this study (F=83%), still has a much lower squareness ratio
compared to the BT single crystal with RSq=1.37. This value is lower than the squareness ratio of a perfect, defect free
single crystal, which is RSq=2 [201].
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Dynamic measurements
For this series of samples only the polarization was measured due to experimental limitations on the sample thickness.
Therefore, only ∆P(t) measurements are displayed in Fig. 5.27a. The dynamic behavior is compared to a [100] oriented
BT single crystalline sample. It can be observed that ceramics with a high degree of crystallographic texture (F=83%)
have a 2 to 3 orders of magnitude higher switching speed, as compared to ceramics with a low degree of crystallographic
texture (F=26%). While the BT single crystal shows a sharp and fast switching transition, the polycrystalline samples
exhibit a slow and dispersive response. Application of the Merz law [13] to dynamic curves measured at different field
pulses (not displayed here) allowed to determine activation fields for the main switching phase (regime 2 in Fig. 5.2).
These are displayed in Tab. 5.7 and plotted as a function of the Lotgering factor in Fig. 5.27b. While samples with a high
degree of crystallographic texture (F=82–83%) exhibit a low activation field of 5.19–7.52 kV/mm, higher activation field
values of 8.52–9.68 kV/mm were found for samples, which exhibit a low degree of crystallographic texture (F=26–37%).
For a BT single crystal, an activation field of 0.61 kV/mm was determined.
Figure 5.27.: Summary of measurements characterizing the influence of degree of crystallographic texture on polariza-
tion reversal. a) Comparison of polarization dynamic curves for polycrystalline BCT15 samples with different
degrees of texture, measured under a constant electric field of E Sw=0.60 kV/mm. The full squares represent
data points of polycrystalline samples with different degrees of crystallographic texture, characterized ac-
cording to the Lotgering factor, while the empty squares represent data points for a BT single crystal. b) The
activation field plotted as a function of the Lotgering factor. The activation field for F=100% represents a
single crystalline sample. The dashed line is a guide for the eye and indicates a linear dependence. The arrows
in b) indicate the increasing c/a ratio and paraelectric/ferroelectric phase transition temperatures.
Facilitation of the switching behavior with increasing degree of crystallographic texture, as revealed by a decrease of coer-
cive field (Fig. 5.26d), an increase of the squareness parameter (Tab. 5.7) and a decrease of the activation field (Fig. 5.27b),
with Lotgering factor, can mainly be related to internal stresses. Samples with a high degree of crystallographic orientation
exhibit reduced internal stresses, allowing a cooperative alignment of the polarization vectors during the polarization rever-
sal process and thus facilitated switching. Reduced internal stresses due to the cooperative alignment of the spontaneous
strain at the paraelectric-ferroelectric phase transition temperature during cooling, also allows higher c/a ratios in textured
materials (Tab. 5.6), approaching the value of a single crystalline material. A facilitated alignment of the spontaneous strain
at the phase transition temperature also influences the value of the transition temperature itself. Samples with a high degree
of crystallographic texture exhibit a high phase transition temperature, similar to a single crystalline material, while the
phase transition temperature (Tab. 5.24) decreases for samples with a reduced degree of crystallographic texture. The corre-
lation between the phase transition temperatures, the c/a ratio, and the Lotgering factor is displayed by arrows in Fig. 5.27b.
It should be mentioned that the switching behavior is in principle also influenced by the grain size of the material, as
revealed in Sec. 5.2.2. According to Tab. 5.6 the grain size of the samples varies in the range between 5.7 and 9.4m. The
dependence of the coercive field, the activation field for the main switching phase and the depolariaztion temperatures,
plotted as a function of grain size and Lotgering factor are displayed in Fig. A.4. Since similar tendencies are observed,
it cannot be unambiguously concluded that the observed changes are solely a result of the degree of crystallographic
texture. However, it should be noted that the effect of the grain size on the properties is expected to be small, because all
investigated samples exhibit a grain size larger than a threshold grain size of about 1.5m. Above this threshold grain
size, properties are not expected to change significantly in BT ceramic materials. [236; 419]
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For non-piezoelectric Al2O3 polycrystalline ceramics, lower residual stresses and a narrower stress distribution was
previously reported for textured materials compared to their random counterparts. [246; 247] While experimental results
on the influence of crystallographic texture on the stress state in bulk ferroelectric ceramics are rare, a decrease in
elastic energy with increasing degree of crystallographic texture was reported in polycrystalline thin films. [163] It
was also suggested that the in-plane component of mechanical stresses, localized at the grain boundaries and triple
points, can exceed 10 MPa for BT with a low degree of texture (r=0.8) and vanishes completely if the material is
highly textured (r=0) [420]. A direct consequence of this effect is that larger domains are expected in crystallograph-
ically textured samples, compared to the random ones [233], and thus the domain wall movement is facilitated [166; 227].
While the degree of domain switching was found to be limited in non-textured materials by microstructural aspects,
numerical simulations [420] and experimental results [421] show that the domain switching fraction can be nearly
doubled if the microstructure is textured. It was recently also found that crystallographically textured 0.91Na0.5Bi0.5TiO3-
0.06BaTiO3-0.03AgNbO3 ceramics require a lower poling field for the relaxor-ferroelectric phase transition compared to
their randomly oriented counterparts. This was attributed to the reduced misorientation angle between the directions of
the polarization and the electric field. [422]
Table 5.7.: Summary of large signal ferroelectric properties (measured at 0.1 Hz and 3 kV/mm) of BCT15 polycrystalline
samples with different degrees of crystallographic texture.
F (%) EPC (kV/mm) Pr (C/cm
2) Sbip (%) RSq (%) Ea (kV/mm)
83 0.56 10.0 0.146 0.92 7.52
82 0.55 11.4 0.117 0.93 5.19
50 0.61 11.7 0.104 0.90 n.a.
43 0.61 12.7 0.100 0.95 7.58
37 0.66 10.7 0.096 0.87 8.52
26 0.67 9.3 0.081 0.77 9.68
BT single crystal 0.05 24.2 n.a. 1.37 0.61
The difference in the activation and coercive fields between the polycrystalline ceramic with the highest degree of
crystallographic texture (F=83%) and the single crystal is about one order of magnitude. In addition, the gap between
the ∆P(t) response of the BT single crystal and the crystallographically textured BCT15 polycrystalline materials is
obvious in Fig. 5.27a. Grain boundaries and grain-to-grain interactions are apparently still dramatically slowing down the
switching process in polycrystalline compared to single crystalline materials. Elimination of the effect of grain boundaries
parallel to the substrate, for example, results in fast and easy switching and a narrow distribution of switching times for
columnar-structured thin films. [417]
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6 Conclusion and outlook
In the present work, an improved understanding of the sequence of the mechanisms during the polarization reversal of
polyrystalline ferroelectric/ferroelastic ceramic materials could be obtained by a simultaneous measurement of the macro-
scopic polarization and strain dynamics, combined with the detection of microscopic structural changes and Landau free
energy calculations. In particular, it could be revealed that switching consists of a sequence of individual events, separated
into three regimes: rapid movement of non-180° domain walls, main switching phase with 180° and non-180° switching
events, and creep-like non-180° domain wall movement.
These findings help to improve theoretical models. An example is the recently developed multi-step stochastic mechanism
(MSM) model, which describes the field-driven polarization reversal in polycrystalline ferroelectric ceramics and was
developed based on the results of this work. In the spirit of the classical KAI approach, it includes two parallel channels of
switching: 180°-polarization reversal and sequential two-step 90°-switching events. With the mathematical framework of
this models being derived elsewhere [423], the time-dependent variation of switched polarization and strain of a tetragonal
PZT sample can be calculated, as displayed in Fig. 6.1. Here, experimental curves are highlighted by red symbols, while
calculated contributions from 180° and 90° events are shown by dotted lines. The sum, displayed as the black solid line,
describes the experimental observations rather well. An important finding of the model is that the polarization contribution
of the 90° events accounts to 34%. [423] In addition, activation barriers for 180° and non-180° events can be determined,
which are an important experimental input parameter for micromechanical models.
Figure 6.1.: Application of the results obtained in this study to the MSM model for the dynamic polarization reversal
in polycrystalline ceramic materials. a) Switched polarization and strain variation as a function of time for a
tetragonal PZT sample at a constant applied electric field. Fits to the experimental data according to the MSM
model display the contribution of 90° and 180° events [Redrawn after Ref. [423]].
While the recent development of the MSM model represents a more complete physical description of the dynamic
polarization reversal responses in polycrystalline ceramic materials, it still neglects many physical characteristics of the
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switching process. In particular, it does not consider domain walls, their interaction with matter, as well as electric and
mechanical grain correlations. As already pointed out in 2000 by Hwang and Arlt, the synergy of different models could
be beneficial for a more complete description of the dynamics of the polarzation response in ferroelectric/ferroelastic
ceramic materials. Despite their suggestion that future studies need "to focus on bridging the gap of the Landau-Ginzburg-
Devonshire model (or a double-well potential model) and the Avrami model (or a nucleation and growth model)" [145],
no such research is available today. However, this is desperately needed, because the potential energies are the basis for
many finite element models. While those account for mechanical interactions between grains, they fail to describe the
dynamics of the polarization and strain response. Avrami models, on the other side, can describe the dynamics of the
polarization response well, however, they do not consider any grain coupling.
From an experimental point of view, many questions regarding the polarization reversal dynamic remain unanswered.
In particular, macroscopic techniques and statistical diffraction experiments cannot reveal if the polarization in the main
switching phase occurs by 180° events or strain-free synchronized non-180° events. In addition, the physical origin of
the broad distribution of switching times in polycrystalline ceramic materials cannot be conclusively described. While
the broad distribution of switching times is apparently influenced by many microstructural parameters, such as chemical
composition by doping, internal stresses, grain-to-grain interaction, and the inhomogeneous distribution of the local
electric field, macroscopic techniques fail to identify the dominant contribution.
An improved understanding could be obtained, if the electric field-driven dynamics of individual domain walls inside
a grain of a polycrystalline ceramic material could be monitored. This might be realized by advances in high-energy
synchrotron diffraction techniques in the near future. Dark-field X-ray microscopy, for example, is a novel innovative way
for 3D mapping the lattice strains and orientations in crystalline materials. 3D structures, such as domain walls within
individual grains of a polycrystalline ceramic body can be mapped nondestructivly and the response of domain walls
to an external electric field can be monitored in situ. [424; 425] This is a clear advantage over current time-resolved
techniques, such as in situ PFM or in situ TEM, which usually oversimplify the boundary conditions of grains, since a very
thin sample or a free surface, are used. While the time resolution of this new technique is currently in the range of minutes
to seconds, future advances in the brightness of synchrotron light will help to improve the feasibility of this technique
further. Compared to the radiation used by Röntgen in 1895 for his seminal studies, state of the art synchrotron radiation
sources provide light with brightness increased by more than 14 orders of magnitude [426], with the potential of an further
increase of 10 orders of magnitude in the near future by 4th generation facilities [427]. While technologies are advancing
rapidly the interaction between X-ray light and matter, which might influences the dynamic response of domain walls, is
usually overlooked. However, it is well known that ferroelectric materials are suffering from radiation damage. [428–430]
An issue, that was also hampering diffraction experiments in this study. While this is usually neglected, there is exigent
need to define boundary conditions, such as the interplay between radiation time and electric field amplitude or the
influence of different chemical elements on the interactions between ferroelectric materials and high-energy synchrotron
radiation.
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A Appendix
Figure A.1.: Influence of grain size on the size and morphology of domains. PFM phase images of unpoled PZT samples
with different grain sizes of a) 4.1m and b) 11.3m. For each sample representative images at two different
positions are displayed. The red lines indicate the position of the grain boundaries according to topography
images measured simultaneously. The green asterisks highlight grain boundaries, that exhibit domain wall
continuity.
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Figure A.2.: Domain wall continuity over grain boundaries.The images show the magnified blue area highlighted in
Fig. 5.16. a) Amplitude and b) phase images are displayed. The red lines indicate the position of grain
boundaries according to topography images. The green asterisks highlight the grain boundary, that exhibits
domain wall continuity. The shape of the domain and the phase is continuous over the grain boundary, as
displayed in a) and b), respectively.
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Figure A.3.: Rietveld refinement of XRD data for samples with different degrees of crystallogrpahic texture. The black
line represent the measurement data and the red line the calculated intensities. The difference is highlighted
by the blue line. The quality of the fit is described by numerical indicators: residual of least-squares refinement
Rp, weighted profile R-factor Rwp, expected R-factor Rexp, and the goodness of fit (GOF) value. A GOF value
around 1 is considered as a good fit. [431]
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Figure A.4.: The interplay between grain size and degree of crystallographic texture. The coercive field, the activation
field, and the depolarization temperature are plotted as a function of the a) grain size and b) Lotgering factor.
The dashed lines represent guidelines to the eyes.
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